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A Note To The Instructor... 


The solutions here are somewhat brief, as they are designed for the instructor, not for the student. 
Check with the publishers before electronically posting any part of these solutions; website, ftp, or 
server access must be restricted to your students. 

I have been somewhat casual about subscripts whenever it is obvious that a problem is one 
dimensional, or that the choice of the coordinate system is irrelevant to the numerical solution. 
Although this does not change the validity of the answer, it will sometimes obfuscate the approach 
if viewed by a novice. 

There are some traditional formula, such as 

2 


v= Vow + 2a,%, 

which are not used in the text. The worked solutions use only material from the text, so there may 
be times when the solution here seems unnecessarily convoluted and drawn out. Yes, I know an 
easier approach existed. But if it was not in the text, I did not use it here. 

I also tried to avoid reinventing the wheel. There are some exercises and problems in the text 
which build upon previous exercises and problems. Instead of rederiving expressions, I simply refer 
you to the previous solution. 

I adopt a different approach for rounding of significant figures than previous authors; in partic- 
ular, I usually round intermediate answers. As such, some of my answers will differ from those in 
the back of the book. 

Exercises and Problems which are enclosed in a box also appear in the Student’s Solution Manual 
with considerably more detail and, when appropriate, include discussion on any physical implications 
of the answer. These student solutions carefully discuss the steps required for solving problems, point 
out the relevant equation numbers, or even specify where in the text additional information can be 
found. When two almost equivalent methods of solution exist, often both are presented. You are 
encouraged to refer students to the Student’s Solution Manual for these exercises and problems. 
However, the material from the Student’s Solution Manual must not be copied. 


Paul Stanley 
Beloit College 
stanley @clunet. edu 


E1-1 (a) Megaphones; (b) Microphones; (c) Decacards (Deck of Cards); (d) Gigalows (Gigolos); 
(e) Terabulls (Terribles); (f) Decimates; (g) Centipedes; (h) Nanonanettes (?); (i) Picoboos (Peek-a- 
Boo); (j) Attoboys (atta boy); (k) Two Hectowithits (To Heck With It); (1) Two Kilomockingbirds 
(To Kill A Mockingbird, or Tequila Mockingbird). 


E1-2 (a) $36, 000/52 week = $692/week. (b) $10,000, 000/(20 x 12 month) = $41,700/month. (c) 
30 x 10/8 = 3.75 x 10°. 


E1-3; Multiply out the factors which make up a century. 


en ane _ (365 days 24 hours 60 minutes 
pacar ees ir am year 1 day 1 hour 


This gives 5.256 x 10’ minutes in a century, so a microcentury is 52.56 minutes. 
The percentage difference from Fermi’s approximation is (2.56 min)/(50 min) x 100% or 5.12%. 


E1-4 (3000 mi)/(3 hr) = 1000 mi/timezone-hour. There are 24 time-zones, so the circumference 
is approximately 24 x 1000 mi = 24,000 miles. 


E1-5 Actual number of seconds in a year is 


24 hr 60 min 60s 
.25 days = 3.1558 x 10’s. 
(308-20;days) (; =) ( 1 hr ) (; = 2 i 


The percentage error of the approximation is then 


3.1416 x 10’ s — 3.1558 x 10’s 
= —0.45'%. 
3.1558 x 107s oa 


E1-6 (a) 10~® seconds per shake means 10° shakes per second. There are 


365 days \ (24 hr \ (60 min) / 60s . 
=3.1 1 
( 1 year ) (; =) ( 1 hr ) (; =.) 3.1536 x 10‘ s/year 


This means there are more shakes in a second. 
(b) Humans have existed for a fraction of 


10° years/10'° years = 1074. 


That fraction of a day is 


10-4 (24 hr) (4 =) ( ue ) = 8.64s. 


1 hr 1 min 


E1-7| We'll assume, for convenience only, that the runner with the longer time ran exactly one 
mile. Let the speed of the runner with the shorter time be given by v,, and call the distance actually 
ran by this runner d,. Then v1 = d;/t1. Similarly, vg = d2/t2 for the other runner, and dz = 1 mile. 

We want to know when v1 > vo. Substitute our expressions for speed, and get d1/t, > d2/te. 
Rearrange, and d;/dz > t1/t2 or di /dz > 0.99937. Then d; > 0.99937 mile x (5280 feet /1 mile) or 
d, > 5276.7 feet is the condition that the first runner was indeed faster. The first track can be no 
more than 3.3 feet too short to guarantee that the first runner was faster. 


E1-8 We will wait until a day’s worth of minutes have been gained. That would be 


60 min 


(24 hr) ( Tie ) = 1440 min. 


The clock gains one minute per day, so we need to wait 1,440 days, or almost four years. Of course, 
if it is an older clock with hands that only read 12 hours (instead of 24), then after only 720 days 
the clock would be correct. 


E1-9| First find the “logarithmic average” by 


(log(5 x 10'’) + log(6 x 1071°)) , 


I 


log tay 
log (5 x 10'7 x 6 x 107"°) , 


= 5 log 3000 = log (3000). 


NLR NI w]e 


Solve, and t,, = 54.8 seconds. 


E1-10 After 20 centuries the day would have increased in length by a total of 20 x 0.001 s = 0.02s. 
The cumulative effect would by the product of the average increase and the number of days; that 
average is half of the maximum, so the cumulative effect is $(2000)(365)(0.02s) = 7300s. That’s 
about 2 hours. 


E1-11 Lunar months are based on the Earth’s position, and as the Earth moves around the orbit 
the Moon has farther to go to complete a phase. In 27.3 days the Moon may have orbited through 
360°, but since the Earth moved through (27.3/365) x 360° = 27° the Moon needs to move 27° 
farther to catch up. That will take (27°/360°) x 27.3 days = 2.05 days, but in that time the Earth 
would have moved on yet farther, and the moon will need to catch up again. How much farther? 
(2.05/365) x 360° = 2.02° which means (2.02°/360°) x 27.3 days = 0.153 days. The total so far is 
2.2 days longer; we could go farther, but at our accuracy level, it isn’t worth it. 


E1-12 (1.9m)(3.281 ft/1.000m) = 6.2 ft, or just under 6 feet, 3 inches. 
E1-13 (a) 100 meters = 328.1 feet (Appendix G), or 328.1/3 = 10.9 yards. This is 28 feet longer 


than 100 yards, or (28 ft)(0.3048 m/ft) = 8.5m. (b) A metric mile is (1500 m) (6.214 x 10-4 mi/m) = 
0.932 mi. P’d rather run the metric mile. 


E1-14 There are 


_ (365.25 days 24 hr 60 min 60s \ _ 19 
300, 000 years ( i veai ) (; =) ( thr ) (, =.) =9.5 x 10°“s 


that will elapse before the cesium clock is in error by 1s. This is almost 1 part in 10'%. This kind 
of accuracy with respect to 2572 miles is 


10- !3(2572 mi) ea = 413 nm. 
mi 


E1-15| The volume of Antarctica is approximated by the area of the base time the height; the 
area of the base is the area of a semicircle. Then 


V=Ah= (57°) h. 


The volume is 


1 
V_ = 5(3-14)(2000 x 1000 m)?(3000 m) = 1.88 x 10"° m° 


3 
= 1.88 x 10! m3 x (= =") = 1.88 x 1022 cm3, 
m 


E1-16 The volume is (77x 104 m?)(26m) = 2.0010’ m3. This is equivalent to 


(2.00 x 10’ m*)(10~3 km/m)? = 0.02 km?. 


E1-17 (a) C = 2ar = 27n(6.37 x 10° km) = 4.00 x 104 km. (b) A = 4ar? = 477(6.37 x 10° km)? = 
5.10 x 108 km. (c) V = 40(6.37 x 103 km)3 = 1.08 x 101? km. 


E1-18 The conversions: squirrel, 19 km/hr(1000 m/km)/(3600 s/hr) = 5.3 m/s; 
rabbit, 30 knots(1.688ft/s/knot) (0.3048 m/ft) = 15 m/s; 

snail, 0.030 mi/hr(1609 m/mi) /(3600 s/hr) = 0.013 m/s; 

spider, 1.8 ft/s(0.3048 m/ft) = 0.55 m/s; 

cheetah, 1.9 km/min(1000 m/km)/(60 s/min) = 32 m/s; 

human, 1000 cm/s/(100 cm/m) = 10 m/s; 

fox, 1100 m/min/(60 s/min) = 18 m/s; 

lion, 1900 km/day(1000 m/km)/(86, 400 s/day) = 22 m/s. 

The order is snail, spider, squirrel, human, rabbit, fox, lion, cheetah. 


E1-19]| One light-year is the distance traveled by light in one year, or (3 x 10° m/s) x (1 year). 


Then 
mi light-year 1609 m 1 hr 100 year 
19, 200 ; , 
hr \ (3 x 108 m/s) x (1 year) 1 mi 3600 s 1 century 


which is equal to 0.00286 light-year/century. 


E1-20 Start with the British units inverted, 


gal (231 in?\ (1.639 x 107? L mi = 
= 7.84 x 107? L/km. 
30.0 mi ( gal in’ 1.609 km “ pe 


mM 


E1-21 (b) A light-year is 


s\ (24h 
(3.00 x 10° km/s) (= *) ( 


3) = 9.46 x 1012 km. 
ar Tee ) (308 days 9.46 x 10'? km 


A parsec is 


1.50 x 10° km ( 360° ) 1.50 x 108 km ( 360° 


= 3. 1013 km. 
0° 0' 1” Qn rad (1/3600)° Qn “= ) neat iae 


(a) (1.5 x 108 km)/(3.09 x 10!3 km/pe = 4.85 x 10-6 pe. (1.5 x 108 km)/(9.46 x 10!2 km/ly) = 
1.59 x 10-5 ly. 


E1-22 First find the “logarithmic average” by 


logday = = (log(2 x 107°) + log(1 x 107"°)), 


log(2' x10"? <15e105 | 


= <log2x 10! =log (v2 x 101") 


2 


IPRNIRFNIR 


Solve, and day = 450 km. 


E1-23| The number of atoms is given by (1 kg)/(1.00783 x 1.661 x 107?” kg), or 5.974 x 1076 
atoms. 


E1-24 (a) (2 x 1.0 + 16)u(1.661 x 10-27kg) = 3.0 x 10-%kg. 
(b) (1.4 x 10?4kg) /(3.0 x 107?6kg) = 4.7 x 1046 molecules. 


E1-25 The coffee in Paris costs $18.00 per kilogram, or 


0.4536 kg 


$18.00 kg~! ( aT 


) = $8.16 Ib~*. 
It is cheaper to buy coffee in New York (at least according to the physics textbook, that is.) 
E1-26 The room volume is (21 x 13 x 12)ft*(0.3048 m/ft)? = 92.8m°. The mass contained in the 


room is 


(92.8 m°)(1.21 kg/m*) = 112ke. 


E1-27| One mole of sugar cubes would have a volume of Ny x 1.0 cm°, where N4 is the Avogadro 
constant. Since the volume of a cube is equal to the length cubed, V = [°, then 1 = WN, cm 
=84x 107 cm. 


E1-28 The number of seconds in a week is 60 x 60 x 24 x 7 = 6.05 x 10°. The “weight” loss per 
second is then 
(0.23 kg)/(6.05 x 10°s) = 3.80 x 107! mg/s. 


E1-29| The definition of the meter was wavelengths per meter; the question asks for meters per 
wavelength, so we want to take the reciprocal. The definition is accurate to 9 figures, so the reciprocal 
should be written as 1/1, 650,763.73 = 6.05780211 x 107’ m = 605.780211 nm. 


E1-30 (a) 37.76 + 0.132 = 37.89. (b) 16.264 — 16.26325 = 0.001. 


E1-31| The easiest approach is to first solve Darcy’s Law for kK, and then substitute the known 
SI units for the other quantities. Then 


We goad m®) (m) 
K= Ant has units of a2) GH) 


which can be simplified to m/s. 


E1-32 The Planck length, lp, is found from 


[lp] = [e'[G*][h*), 
L (hE) er "MMe +), 
Litsit2kp—i-25—-kyy—i+k. 


Equate powers on each side, 


as ee et) 
To Sp Ops, 
M10 = -jt+k. 


Then j = k, and i = —3k, and 1 = 2k; so k = 1/2, 7 = 1/2, and i = —3/2. Then 


[lp] = [eP?][G"?][n"/?), 
= (3.00 x 10° m/s)~°/?(6.67 x 1071! m3/s? - kg)1/?(6.63 x 10734 kg - m?/s)1/?, 


4.05 x 107°° m. 


I 


I 


E1-33 The Planck mass, mp, is found from 
[mp] [e"][G7][A*), 


M = (LT~)*(L?T-2M—1))(ML?2T—1)*, 
Litsit2kp t—29 En j+k 


Equate powers on each side, 


L:0 = i+3j 42k, 
T:0 = -i-2j-k, 
M:1 = -jt+k. 


Then k = 7 +1, and i = —3j —1, and 0 = —14 2k; sok = 1/2, and j = —1/2, andi = 1/2. Then 
[rie] = [eA Ay? I, 

(3.00 x 10° m/s)/2(6.67 x 1071! m3/s? - kg)~1/2(6.63 x 1074 kg - m?/s)!/?, 

= 5.46 x 10-°kg. 


I 


P1-1| There are 24 x 60 = 1440 traditional minutes in a day. The conversion plan is then fairly 
straightforward 


1440 trad. min 


22.8 dec. min ( 772° ™P 
das min (I dec. min 


) = 1184.8 trad. min. 


This is traditional minutes since midnight, the time in traditional hours can be found by dividing 
by 60 min/hr, the integer part of the quotient is the hours, while the remainder is the minutes. So 
the time is 19 hours, 45 minutes, which would be 7:45 pm. 


P1-2 (a) By similar triangles, the ratio of the distances is the same as the ratio of the diameters— 
390:1. 

(b) Volume is proportional to the radius (diameter) cubed, or 390° = 5.93 x 10°. 

(c) 0.52°(27/360°) = 9.1 x 1073 rad. The diameter is then (9.1 x 1073 rad)(3.82 x 10° km) = 
3500 km. 


P1-3 (a) The circumference of the Earth is approximately 40,000 km; 0.5 seconds of an arc is 
0.5/(60 x 60 x 360) = 3.9 x 107” of a circumference, so the north-south error is +(3.9 x 10~7)(4 x 
107m) = +15.6m. This is a range of 31 m. 
(b) The east-west range is smaller, because the distance measured along a latitude is smaller than 
the circumference by a factor of the cosine of the latitude. Then the range is 31 cos 43.6° = 22m. 
(c) The tanker is in Lake Ontario, some 20 km off the coast of Hamlin? 


P1-4 Your position is determined by the time it takes for your longitude to rotate ” underneath” 
the sun (in fact, that’s the way longitude was measured originally as in 5 hours west of the Azores...) 
the rate the sun sweep over at equator is 25,000 miles/86,400 s = 0.29 miles/second. The correction 
factor because of latitude is the cosine of the latitude, so the sun sweeps overhead near England at 
approximately 0.19 mi/s. Consequently a 30 mile accuracy requires an error in time of no more than 
(30 mi)/(0.19 mi/s) = 158 seconds. 

Trip takes about 6 months, so clock accuracy needs to be within (158s)/(180 day) = 1.2 sec- 
onds /day. 

(b) Same, except 0.5 miles accuracy requires 2.6 s accuracy, so clock needs to be within 0.007 
s/day! 


P1-5 Let B be breaths/minute while sleeping. Each breath takes in (1.43 g/L)(0.3 L) = 0.429 g; 
and lets out (1.96 g/L) (0.3 L) = 0.288 g. The net loss is 0.141 g. Multiply by the number of breaths, 
(8 hr)(60 min./hr) B(0.141 g) = B(67.68 g). I'll take a short nap, and count my breaths, then finish 
the problem. 

I’m back now, and I found my breaths to be 8/minute. So I lose 541 g/night, or about 1 pound. 


P1-6 The mass of the water is (1000 kg/m?)(5700m?) = 5.7 x 10°kg. The rate that water leaks 


drains out is 
(5.7 x 10° kg) 


(12 hr)(3600 s/hr) 


= 132kg/s. 


P1-7| Let the radius of the grain be given by rg. Then the surface area of the grain is Ag = 4nr?, 
and the volume is given by Vy = (4/3)zr3. 

If N grains of sand have a total surface area equal to that of a cube 1 m on a edge, then 
NA, =6 m?. The total volume V; of this number of grains of sand is NV,. Eliminate N from these 
two expressions and get 


(6 m?) (6 m?)rg 
— N — — 
me Vg A, Vg 3 
Then V, = (2 m?)(50 x 10-® m) = 1 x 1074 m?. 
The mass of a volume V; is given by 

2 k 
1x 10-* m? ( 2800 Ke) — 0.06 kg. 

1 m3 


P1-8 For a cylinder V = mr2h, and A = 2rr?+ 27rh. We want to minimize A with respect to 
changes in 7, so 


dA = ( 


== Qnr? + 2X) ; 
dr T 


r2 


= OM 2 


Set this equal to zero; then V = 2ar?. Notice that h = 2r in this expression. 


P1-9 (a) The volume per particle is 
(9.27 x 107-?°kg) /(7870 kg /m*) = 1.178 x 10778m’. 


The radius of the corresponding sphere is 


= 1.41 x 107m. 


7 ae x 10-28m3) 
7 An 


Double this, and the spacing is 282 pm. 
(b) The volume per particle is 


(3.82 x 107?°kg) /(1013 kg/m*) = 3.77 x 107?°m'. 


The radius of the corresponding sphere is 


= 2.08 x 107!°m. 


ie jon x 10-29m3) 
- At 


Double this, and the spacing is 416 pm. 


P1-10 (a) The area of the plate is (8.43 cm) (5.12 cm) = 43.2 cm?. (b) (3.14)(3.7 cm)? = 43 cm?. 


E2-1)| Add the vectors as is shown in Fig. 2-4. If a has length a = 4 m and b has length b=3m 
then the sum is given by s. The cosine law can be used to find the magnitude s of §, 


s*? = a? +b? — 2abcos8, 


where @ is the angle between sides a and 0 in the figure. 

(a) (7 m)? = (4 m)? + (3 m)? — 2(4 m)(3 m) cos@, so cos@ = —1.0, and 6 = 180°. This means 
that & and b are pointing in the same direction. 

(b) (1 m)? = (4 m)? + (3 m)? — 2(4 m)(3 m) cos 9, so cos @ = 1.0, and 6 = 0°. This means that 
& and b are pointing in the opposite direction. 

(c) (5 m)? = (4 m)? + (3 m)? — 2(4 m)(3 m) cos@, so cos@ = 0, and 6 = 90°. This means that a 
and b are pointing at right angles to each other. 


E2-2 (a) Consider the figures below. 


(b) Net displacement is 2.4 km west, (5.2 — 3.1 = 2.1) km south. A bird would fly 
V 2.42 + 2.1? km = 3.2 km. 


E2-3 Consider the figure below. 


a 
atb b -b 
a-b 
a 


E2-4 (a) The components are (7.34) cos(252°) = —2.27i and (7.34) sin(252°) = —6.98}. 
(b) The magnitude is \/(—25)? + (43)? = 50; the direction is 6 = tan~'(43/ — 25) = 120°. We 
did need to choose the correct quadrant. 


E2-5;| The components are given by the trigonometry relations 


O = Hsin 6 = (3.42 km) sin35.0° = 1.96 km 


and 
A= H cos@ = (3.42 km) cos 35.0° = 2.80 km. 


The stated angle is measured from the east-west axis, counter clockwise from east. So O is measured 
against the north-south axis, with north being positive; A is measured against east-west with east 
being positive. 

Since her individual steps are displacement vectors which are only north-south or east-west, she 
must eventually take enough north-south steps to equal 1.96 km, and enough east-west steps to 
equal 2.80 km. Any individual step can only be along one or the other direction, so the minimum 
total will be 4.76 km. 


E2-6 Let F; = 124i km and #; = (72.61 + 31.4j) km. Then the ship needs to travel 
Af =F; — F = (51.41 + 31.4j) km 


Ship needs to travel 51.42 + 31.42 km = 60.2 km in a direction 6 = tan~'(31.4/51.4) = 31.4° west 
of north. 


E2-7| (a) In unit vector notation we need only add the components; +b = (51+3j) +(—31+2j) = 
(5 — 3)i+ (8 + 2)j = 214 5). 

(b) If we define € = 4+ b and write the magnitude of € as c, then ¢ = ,/c2 + 2 = fF +52 = 
5.39. The direction is given by tan @ = c,/c, which gives an angle of 68.2°, measured counterclock- 
wise from the positive x-axis. 


E2-8 (a)a+b= (4 ee 34 1)j+ (1+ 4)k = 3i — 2j + 5k. 
(b) a—b = (4—-1)i+ (-3 ie, + (1 —4)k = 5i— 4j — 3k. 
(c) Rearrange, and = b — rb—a=(-1—4)i+ (1— -3)j + (4-1)k = —5i+ 4j + 3k. 


E2-9 (a) The magnitude of a is \/4.0? + (—3.0)? = 5.0; the direction is 9 = tan~!(—3.0/4.0) = 
323°. 
(b) The magnitude of b is V6.0? + 8.03 = 10.0; the direction is @ = tan~!(6.0/8.0) = 36.9°. 
(c) The resultant vector is 4+ b = (4.0 + 6.0)i + (—3.0 + 8.0)j. The magnitude of 4 +b is 
(10.0)? + (5.0)? = 11.2; the direction is @ = tan~+(5.0/10.0) = 26.6°. 
(d) The resultant vector is &— b = (4.0 — 6.0)i + (—3.0 — 8.0)j. The magnitude of 4 —b is 
/(—2.0)? + (—11.0)? = 11.2; the direction is 6 = tan~'(—11.0/ — 2.0) = 260°. 
(c) The resultant vector is b — a = (6.0 — 4.0)i + (8.0 3.0)j. The magnitude of b — a is 
(2.0)? + (11.0)? = 11.2; the direction is 6 = tan~+(11.0/2.0) = 79.7°. 


E2-10 (a) Find components of a; az = (12.7) cos(28.2°) = 11.2, ay = (12.7) sin(28.2°) = 6.00. 
Find components of b; bz = (12.7) cos(133°) = —8.66, by = (12.7) sin(133°) = 9.29. Then 


F = a+b = (11.2 — 8.66)i+ (6.00 + 9.29)j = 2.54i + 15.29}. 


(b) The magnitude of r is 2.542 + 15.29? = 15.5. 
(c) The angle is @ = tan~1(15.29/2.54) = 80.6°. 


E2-11 Consider the figure below. 
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E2-12 Consider the figure below. 


E2-13| Our axes will be chosen so that i points toward 3 O’clock and j points toward 12 O’clock. 


(a) 


The two relevant positions are #, = (11.3 cm)i and #; = (11.3 cm)j. Then 


Ar = £-fj 
(11.3 cm)j — (11.3 em)i. 
(b) . . 
The two relevant positions are now r; = (11.3 cm)j and rs = (—11.3 cm)j. Then 
Ar = £-fj 
(11.3 cm)j — (—11.3 cm)j 
(22.6 cm)j. 


(c) 
The two relevant positions are now Fj = (—11.3 cm)j and # = (—11.3 cm)j. Then 
Ar = f; 
= (-11.3 em)j — (-11.3 cm)j 
(0 


cm)j. 


= 


E2-14 (a) The components of r, are 
riz = (4.13 m) cos(225°) = —2.92m 


and 
Tiy = (4.13 m) sin(225°) = —2.92m. 
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The components of rp are 
T1¢ = (5.26 m) cos(0°) = 5.26m 


and 
Tiy = (5.26m) sin(0°) = Om. 


The components of rs are 
Tie = (5.94 m) cos(64.0°) = 2.60m 


and 
Ty = (5.94m) sin(64.0°) = 5.34m. 


(b) The resulting displacement is 
[(-2.92 + 5.26 + 2.60)i + (—2.92 +0 + 5.34)j] m = (4.941 + 2.42)) m. 


(c) The magnitude of the resulting displacement is 4.942 + 2.42?m = 5.5m. The direction of 
the resulting displacement is 9 = tan~!(2.42/4.94) = 26.1°. (d) To bring the particle back to the 
starting point we need only reverse the answer to (c); the magnitude will be the same, but the angle 
will be 206°. 


E2-15 The components of the initial position are 
Tie = (12,000 ft) cos(40°) = 9200 ft 


and 
Tiy = (12,000 ft) sin(40°) = 7700 ft. 


The components of the final position are 
Toe = (25,8000 ft) cos(163°) = —24, 700 ft 


and 
Toy = (25,800 ft) sin(163°) = 7540 ft. 


The displacement is 


Far -F= [(-24, 700 — 9, 200)i + (7,540 — 9,200)j)| = (—33900i — 1660}) ft. 


E2-16 (a) The displacement vector is r = (410i _ 820}) mi, where positive x is east and positive 
y is north. The magnitude of the displacement is \/(410)? + (—820)? mi = 920 mi. The direction is 
6 = tan '(—820/410) = 300°. 

(b) The average velocity is the displacement divided by the total time, 2.25 hours. Then 


Vay = (180i — 360j) mi/hr. 


(c) The average speed is total distance over total time, or (410+ 820) /(2.25) mi/hr = 550 mi/hr. 
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E2-17| (a) Evaluate r when t= 2s. 


F = [(2 m/s®)t — (5 m/s)tli+ [(6 m) — (7 m/s*)t4]j 
2 m/s*)(2 s)® — (5 m/s)(2 s)]i+ [(6 m) — (7 m/s")(2 s)4]j 
16 m) — (10 m)]i+ [(6 m) — (112 m)]j 


m)]i + [-(106 m)]j. 


l 


[( 
[( 
[( 
[(6 
(b) Evaluate: 


dr 
dt 


<1 
II 
lI 


[(2 m/s*)3#? — (5 m/s)]i + [-(7 m/s") 48] 
= [6 m/s?)#? — (5 m/s)]i + [-(28 m/s*)e5}. 


Into this last expression we now evaluate v(t = 2 s) and get 


¥ = [(6 m/s*)(2s)” — (5 m/s)}i + [-(28 m/s*)(2 s)]j 
= [(24 m/s) . (5 m/s)]i + Pee m/s)]j 
= [(19 m/s)]i + [-(224 m/s)]j, 


for the velocity V when t = 2 s. 
(c) Evaluate 


[(6 m/s*)2¢]i + [—(28 m/s*)3t7]j 


| 
fl 
| 
t 


[(12 m/s®)#]i + [—(84 m/s*)t?]j. 


I 


Into this last expression we now evaluate a(t = 2 s) and get 


[(12 m/s*)(2 s)]i + [-(84 m/s*)(2 2)7]j 
[(24 m/s”)]i + [—(336 m/s”)]j. 


S 
a 


I 


E2-18 (a) Let ui point north, j point east, and k point up. The displacement is (8.71 +9.7 + 
2.9k) km. The average velocity is found by dividing each term by 3.4 hr; then 


Vay = (2.61 + 2.9j + 0.85) km/hr. 


The magnitude of the average velocity is /2.62 + 2.92 + 0.852 km/hr = 4.0 km/hr. 
(b) The horizontal velocity has a magnitude of V2.6? + 2.9? km/hr = 3.9 km/hr. The angle with 
the horizontal is given by 6 = tan~'(0.85/3.9) = 13°. 


E2-19 (a) The derivative of the velocity is 

= [(6.0 m/s?) — (8.0 m/s*)t}i 
so the acceleration at t = 3s is A = (—18.0m/s2)i. (b) The acceleration is zero when (6.0 m/s?) — 
(8.0m/s?)t = 0, or t = 0.75s. (c) The velocity is never zero; there is no way to “cancel” out the 


y component. (d) The speed equals 10m/s when 10 = \/v? + 87, or v; = +6.0m/s. This happens 
when (6.0 m/s?) — (8.0m/s°)t = +6.0m/s, or when t = 0s. 
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E2-20 If v is constant then so is v? = v2 + ee Take the derivative; 


d d 
20z Ve + 2y Uy = 2(v,a, + Uga,). 


But if the value is constant the derivative is zero. 


E2-21| Let the actual flight time, as measured by the passengers, be T. There is some time 
difference between the two cities, call it AT = Namulevu time - Los Angeles time. The AT’ will be 
positive if Namulevu is east of Los Angeles. The time in Los Angeles can then be found from the 
time in Namulevu by subtracting AT. 

The actual time of flight from Los Angeles to Namulevu is then the difference between when the 
plane lands (LA times) and when the plane takes off (LA time): 


T = (18:50 — AT) — (12:50) 
6:00 — AT, 


where we have written times in 24 hour format to avoid the AM/PM issue. The return flight time 
can be found from 


T (18:50) — (1:50 — AT) 


17:00 + AT, 


I 


where we have again changed to LA time for the purpose of the calculation. 
(b) Now we just need to solve the two equations and two unknowns. 


17:;00+ AT = 6:00—AT 
2AT = 6:00 — 17:00 
AT = —5:30. 


Since this is a negative number, Namulevu is located west of Los Angeles. 

(a) T = 6:00 — AT = 11 : 30, or eleven and a half hours. 

(c) The distance traveled by the plane is given by d = vt = (520 mi/hr)(11.5 hr) = 5980 mi. 
We'll draw a circle around Los Angeles with a radius of 5980 mi, and then we look for where it 
intersects with longitudes that would belong to a time zone AT away from Los Angeles. Since the 
Earth rotates once every 24 hours and there are 360 longitude degrees, then each hour corresponds 
to 15 longitude degrees, and then Namulevu must be located approximately 15° x 5.5 = 83° west of 
Los Angeles, or at about longitude 160 east. The location on the globe is then latitude 5°, in the 
vicinity of Vanuatu. 

When this exercise was originally typeset the times for the outbound and the inbound flights were 
inadvertently switched. I suppose that we could blame this on the airlines; nonetheless, when the answers 
were prepared for the back of the book the reversed numbers put Namulevu east of Los Angeles. That would 
put it in either the North Atlantic or Brazil. 


E2-22 ‘There is a three hour time zone difference. So the flight is seven hours long, but it takes 
3 hr 51 min for the sun to travel same distance. Look for when the sunset distance has caught up 
with plane: 


dsunset = dplane ’ 
Usunset (t = 1:35) Uplanel, 
(t — 1:35) /3:51 = t/7:00, 


I 


so t = 3:31 into flight. 
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E2-23 The distance is 


d= vt = (112 km/hr)(1s)/(3600 s/hr) = 31m. 


E2-24 The time taken for the ball to reach the plate is 


_d_ (184m) _ 
o> Ga (3600 s/hr)/(1000 m/km) = 0.414s. 


E2-25]| Speed is distance traveled divided by time taken; this is equivalent to the inverse of the 
slope of the line in Fig. 2-32. The line appears to pass through the origin and through the point 
(1600 km, 80 x 10° y), so the speed is v = 1600 km/80 x 10° y= 2 x 107° km/y. Converting, 


poe V0 aly Ge =) (= cm 


1km ) =2em/y 


1m 


E2-26 (a) For Maurice Greene vay, = (100 m)/(9.81 m) = 10.2 m/s. For Khalid Khannouchi, 


(26.219 mi) /1609m\ / thr 
ave ri = 5.594 3. 
Yav ~ (2.0950 hr) \ 1 mi_/ \3600s mye 


(b) If Maurice Greene ran the marathon with an average speed equal to his average sprint speed 


then it would take him 
je (26.219 mi) eo lhr = 1,149 hr, 
10.2 m/s 1 mi 3600 s 


or 1 hour, 9 minutes. 


E2-27 The time saved is the difference, 


(700 km) (700 km) 


= (88.5 km/hr) (104.6 km/hr) 


= 1.22 hr, 


which is about 1 hour 13 minutes. 


E2-28 The ground elevation will increase by 35 m in a horizontal distance of 
x = (35.0 m)/tan(4.3°) = 465 m. 


The plane will cover that distance in 


_ (0.465 km) (36008) _, y, 
~ (1300 km/hr) \ thr J 07 


E2-29| Let v, = 40 km/hr be the speed up the hill, t; be the time taken, and d, be the distance 
traveled in that time. We similarly define v2 = 60 km/hr for the down hill trip, as well as t2 and do. 
Note that dy = dy. 
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vy = dy /t; and vg = dg/tz. Vay = d/t, where d total distance and t is the total time. The total 
distance is d; + dz = 2d,. The total time t is just the sum of t, and tg, so 


d 


t 
2d, 
ti + te 
2d, 
dy /v1 + dy/v2 
2 
1/v4 + 1/9’ 


Vay = 


Take the reciprocal of both sides to get a simpler looking expression 


Then the average speed is 48 km/hr. 


E2-30 (a) Average speed is total distance divided by total time. Then 


- (240 ft) + (240 ft) 
“ev ~ (240 ft) /(4.0 ft/s) + (240 ft) /(10 ft/s) 


= 5.7 ft/s. 


(b) Same approach, but different information given, so 


__ (60 s)(4.0 ft/s) + (60 s)(10 ft/s) _ 
Vay = (60 3) aR (60 5) = 7.0 ft/s. 


E2-31 The distance traveled is the total area under the curve. The “curve” has four regions: (1) 
a triangle from 0 to 2 s; (II) a rectangle from 2 to 10 s; (III) a trapezoid from 10 to 12 s; and (IV) 
a rectangle from 12 to 16s. 

The area underneath the curve is the sum of the areas of the four regions. 


a2 (2 s)(8m/s) + (8.0s)(8m/s) + 525)(8 in/aciaalsyta(d0s\ (Gane Soom, 


E2-32 The acceleration is the slope of a velocity-time curve, 


_ (8m/s) — (4m/s) _ 2 
oaosia(gey 


E2-33| The initial velocity is ¥; = (18 m/s)i, the final velocity is ¥p = (—30 m/s)i. The average 
acceleration is then 


ge Av _ WH _ (-30 m/s)i — (18 m/s)i 


At At 248 


which gives a, = (—20.0 m/s?)i. 


= 
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E2-34 Consider the figure below. 


E2-35 (a) Up to A vz > 0 and is constant. From A to B v, is decreasing, but still positive. From 
B to C v, = 0. From C to D vz < 0, but |v,| is decreasing. 

(b) No. Constant acceleration would appear as (part of) a parabola; but it would be challenging 
to distinguish between a parabola and an almost parabola. 


E2-36 (a) Up to A vy, > 0 and is decreasing. From A to B vz = 0. From B to C vz, > 0 and is 
increasing. From C' to D v, > 0 and is constant. 

(b) No. Constant acceleration would appear as (part of) a parabola; but it would be challenging 
to distinguish between a parabola and an almost parabola. 


E2-37| Consider the figure below. 


E2-38 Consider the figure below. 


The acceleration 


OE ee me bedieet is a constant 
Pe ie a ge Be ee eyes AE Aertel 2 cm/s/s during 
Tl Ieee aie WR ee ae Sorta the entire time 
E Pn a eee Rites Sts interval. 
4 : 


E2-39 (a) A must have units of m/s?. B must have units of m/s°. 
(b) The maximum positive x position occurs when v,; = 0, so 
d 
Up = — = 2At— 3Bt? 
dt 
implies v, = 0 when either t = 0 or t = 2A/3B = 2(3.0 m/s”) /3(1.0 m/s?) = 2.08. 
(c) Particle starts from rest, then travels in positive direction until t = 2s, a distance of 


x = (3.0m/s”)(2.0s)? — (1.0 m/s)(2.0s)* = 4.0m. 
Then the particle moves back to a final position of 
x = (3.0m/s*)(4.0s)? — (1.0m/s*)(4.0s)? = —16.0m. 


The total path followed was 4.0m+4.0m+4 16.0m = 24.0 m. 

(d) The displacement is —16.0m as was found in part (c). 

(ce) The velocity is vz; = (6.0m/s?)t — (3.0m/s?)t?. When t = 0, vz = 0.0m/s. When t = 1.0s, 
vz = 3.0m/s. When t = 2.0s, vz = 0.0m/s. When t = 3.08, ve = —9.0m/s. When t = 4.0s, 
Uz = —24.0m/s. 

(f) The acceleration is the time derivative of the velocity, 

dvz 2 3 
Oa (6.0m/s*) — (6.0 m/s”)E. 
When t = 0s, az = 6.0m/s?. When ¢ = 1.0s, ay = 0.0m/s”. When t = 2.0s, ay = —6.0m/s?. 
When t = 3.0s, ag = —12.0m/s?. When t = 4.08, ag = —18.0m/s?. 

(g) The distance traveled was found in part (a) to be -20m The average speed during the time 

interval is then vz,ay = (—20m)/(2.0s) = —10 m/s. 


E2-40 vo, = 0, vz = 360 km/hr = 100m/s. Assuming constant acceleration the average velocity 
will be 


1 
Van 5 (100 m/s + 0) = 50m/s. 
The time to travel the distance of the runway at this average velocity is 
t = (1800 m)/(50 m/s) = 36s. 


The acceleration is 
dy = 2x/t? = 2(1800m) /(36.0s)? = 2.78 m/s”. 
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E2-41]| (a) Apply Eq. 2-26, 


Uz = Vox + Azt, 
(3.0 x 10’ m/s) = (0)+(9.8 m/s”), 
3.1x10°s = t. 


(b) Apply Eq. 2-28 using an initial position of zo = 0, 


1 2 
Le => £9 Voe:-+ gaat ‘ 

1 
e = (0)+(0)+598 m/s”)(3.1 x 10° s)?, 
xe = 47x10 m. 


E2-42 vp, = 0 and v, = 27.8m/s. Then 
t = (vz — Voz) /a = ((27.8m/s) — (0)) /(50 m/s) = 0.56s. 


I want that car. 


E2-43 The muon will travel for t seconds before it comes to a rest, where t is given by 
t = (vz — Vox)/a = ((0) — (5.20 x 10°m/s)) /(—1.30 x 10'4m/s”) = 4 x 1078s. 
The distance traveled will be 


1 i 
g= pant + vet = 5 (130 x 10'm/s”)(4 x 1078s)? + (5.20 x 10°m/s)(4 x 1078s) = 0.104 m. 


E2-44 The average velocity of the electron was 
is 51s x 10° m/s + 5.8 x 10° m/s) = 3.0 x 10° m/s. 
The time to travel the distance of the runway at this average velocity is 
t = (0.012 m)/(3.0 x 10° m/s) = 4.0 x 107°. 


The acceleration is 


dz = (Vz — Vor) /t = ((5.8 x 10° m/s) — (1.5 x 10° m/s))/(4.0 x 1079s) = 1.4 x 10!°m/s?. 


E2-45] It will be easier to solve the problem if we change the units for the initial velocity, 


im /1 i; 
vor = 1020 = ( wl =) ( z ) = 288%, 


hr km 3600 s 
and then applying Eq. 2-26, 


Vr = Vox t+ Azt, 
(0) = (283 m/s) +a,(1.48), 
—202 m/s? = ag. 


The problem asks for this in terms of g, so 


g 
=202 m/s” | —* — | =21¢. 
; (= | 
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E2-46 Change miles to feet and hours to seconds. Then v, = 81 ft/s and vo, = 125 ft/s. The 
time is then 
t = ((81 ft/s) — (125 ft/s)) /(—17 ft/s”) = 2.6s. 


E2-47 (a) The time to stop is 
t = ((0 m/s) — (24.6 m/s)) /(—4.92 m/s”) = 5.00s. 
(b) The distance traveled is 


1 1 
r= 5iet” + vost = 5(—4.92 m/s”)(5.00s)? + (24.6 m/s)(5.00s) = 62m. 


E2-48 Answer part (b) first. The average velocity of the arrow while decelerating is 
ae 5 ((0) + (260 ft/s)) = 130 ft/s. 
The time for the arrow to travel 9 inches (0.75 feet) is 
t = (0.75 ft) /(130 ft/s) = 5.8 x 1073s. 
(a) The acceleration of the arrow is then 


dy = (Vy — voy)/t = ((0) — (260 ft/s))/(5.8 x 1073s) = —4.5 x 10* ft/s”. 


E2-49| The problem will be somewhat easier if the units are consistent, so we’ll write the maxi- 


mum speed as 
1000 (Fe) = 16.7%. 
Ss Ss 


min 


(a) We can find the time required for the acceleration from Eq. 2-26, 


Vr = Vor + Azt, 
(16.7 ft/s) = (0) + (4.00 ft/s”)e, 
418s = t. 


And from this and Eq 2-28 we can find the distance 


1 2 
L = Lo+ Vor + get , 

1 
x = (0)+ (0) + 5(4.00 ft/s”)(4.18 s)?, 
xc = 34.9 ft. 


(b) The motion of the elevator is divided into three parts: acceleration from rest, constant speed 
motion, and deceleration to a stop. The total distance is given at 624 ft and in part (a) we found 
the distance covered during acceleration was 34.9 ft. By symmetry, the distance traveled during 
deceleration should also be 34.9 ft. The distance traveled at constant speed is then (624 — 34.9 — 
34.9) ft = 554 ft. The time required for the constant speed portion of the trip is found from Eq. 
2-22, rewritten as 
Ax 554 ft 

v 16.7 ft/s 


The total time for the trip is the sum of times for the three parts: accelerating (4.18 s), constant 
speed (33.2 s), and decelerating (4.18 s). The total is 41.6 seconds. 


At = = 33.2 s. 
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E2-50 (a) The deceleration is found from 


ay = —(# — vot) = ((34m) — (16 m/s)(4.0s)) = —3.75 m/s?. 


( 2 
t? (4.08)? 
(b) The impact speed is 


Ve = Vor + At = (16 m/s) + (—3.75 m/s”)(4.0s) = 1.0m/s. 
E2-51 Assuming the drops fall from rest, the time to fall is 


2y —1700m) 
t= = 19s. 
\2 - 2 —9.8m/s2) 


The velocity of the falling drops would be 
Vy = ayt = (—9.8m/s”)(19s) = 190m/s, 


or about 2/3 the speed of sound. 


E2-52 Solve the problem out of order. 


(b) The time to fall is 
2y —120m) 
= 2 -/2 (—9.8m/s?) = 4.9s. 


(a) The speed at which the elevator hits the ground is 
Uy = dyt = (—9.8m/s”)(4.9s) = 48 m/s. 
(d) The time to fall half-way is 


2y —60 m) 
= 2 - (2 (—9.8m/s?) = 3.58. 


(c) The speed at the half-way point is 
Vy = dyt = (—9.8m/s”)(3.5s) = 34m/s. 


E2-53| The initial velocity of the “dropped” wrench would be zero. I choose vertical to be along 
the y axis with up as positive, which is the convention of Eq. 2-29 and Eq. 2-30. It turns out that 
it is much easier to solve part (b) before solving part (a). 

(b) We solve Eq. 2-29 for the time of the fall. 


Vy = Voy — gt, 
(—24.0 m/s) = (0)— (9.8 m/s”)t, 
245s = t. 
(a) Now we can use Eq. 2-30 to find the height from which the wrench fell. 
a 
Y = Yo Voyt — It 
(0) = yo+(0)(2.45 s) — 598 m/s”) (2.45 s)?, 

0 = y—294m 


We have set y = 0 to correspond to the final position of the wrench: on the ground. This results in 
an initial position of yo = 29.4 m; it is positive because the wrench was dropped from a point above 
where it landed. 
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E2-54 (a) It is easier to solve the problem from the point of view of an object which falls from the 
highest point. The time to fall from the highest point is 


Qy —53.7m) 
t= = 431s, 
\2 -(2 eosin 


The speed at which the object hits the ground is 
Vy = dyt = (—9.81 m/s”)(3.31s) = —32.5m/s. 


But the motion is symmetric, so the object must have been launched up with a velocity of vy = 
32.5m/s. 


(b) Double the previous answer; the time of flight is 6.62 s. 


E2-55 (a) The time to fall the first 50 meters is 


2y —50 m) 
= 3.2 
=m - (2 —9.8m/s?) : 


(b) The total time to fall 100 meters is 


2y —100 m) 
= 45s. 
= 2 - (2 =Oanije) 


The time to fall through the second 50 meters is the difference, 1.3 s. 


E2-56 The rock returns to the ground with an equal, but opposite, velocity. The acceleration is 
then 


dy = ((—14.6 m/s) — (14.6 m/s))/(7.728) = 3.78 m/s”. 
That would put them on Mercury. 


E2-57| (a) Solve Eq. 2-30 for the initial velocity. Let the distances be measured from the ground 
so that yo = 0. 


1 
Y = Yot Voyt — ait 
1 
(36.8m) = (0) + v04(2.25 s) — 5(9.8 m/s”)(2.25 s)?, 
36.8m = vy(2.25 s) — 24.8 m, 
27.4m/s = Uy. 


(b) Solve Eq. 2-29 for the velocity, using the result from part (a). 


Vy = VdOy — gt, 
vy = (27.4 m/s) — (9.8 m/s”)(2.25 s), 
vy = 54m/s. 


(c) We need to solve Eq. 2-30 to find the height to which the ball rises, but we don’t know how 
long it takes to get there. So we first solve Eq. 2-29, because we do know the velocity at the highest 
point (vy = 0). 

Vy = Voy — gt, 
(0) (27.4 m/s) — (9.8 m/s”), 
28s = t. 


l| 
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And then we find the height to which the object rises, 


1 2 
y= Yo + Yoyt — 59" 
1 
y = (0) + (27-4 m/s)(2.8 s) — 5(9.8 m/s”) (2.8 s)?, 
y = 8.3m. 


This is the height as measured from the ground; so the ball rises 38.3 — 36.8 = 1.5 m above the point 
specified in the problem. 


E2-58 The time it takes for the ball to fall 2.2 m is 


2y 22a). 
= 2 - (2 (9.8 m/s2) = 0.67s. 


The ball hits the ground with a velocity of 
Vy = ayt = (—9.8m/s”)(0.67s) = —6.6 m/s. 


The ball then bounces up to a height of 1.9 m. It is easier to solve the falling part of the motion, 
and then apply symmetry. The time is would take to fall is 


2y —1.9m) 
= 0.62s. 
= 2 - (2 —9.8 m/s?) 


The ball hits the ground with a velocity of 
Vy = ayt = (—9.8m/s”)(0.62s) = —6.1m/s. 


But we are interested in when the ball moves up, so vy = 6.1 m/s. 
The acceleration while in contact with the ground is 


ay = ((6.1 m/s) — (—6.6 m/s))/(0.096s) = 130 m/s?. 


E2-59 The position as a function of time for the first object is 


1 


= —~gt?, 
Y1 gf" > 


The position as a function of time for the second object is 
1 
wa sol 1s) 


The difference, 
Ay = y2 — y1 = fracl2g ((2s)t — 1), 
is the set equal to 10m, so t = 1.52s. 


E2-60 Answer part (b) first. 
(b) Use the quadratic equation to solve 


(—81.3m) = 5(-9.81 m/s”)t? + (12.4m/s)t 


for time. Get t = —3.0s and t = 5.53s. Keep the positive answer. 
(a) Now find final velocity from 


Vy = (—9.8 m/s”)(5.53s) + (12.4m/s) = —41.8m/s. 
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E2-61| The total time the pot is visible is 0.54 s; the pot is visible for 0.27 s on the way down. 
We'll define the initial position as the highest point and make our measurements from there. Then 
Yo = 0 and vp, = 0. Define ¢; to be the time at which the falling pot passes the top of the window 
y1, then tg = ti + 0.27 s is the time the pot passes the bottom of the window y2 = y; — 1.1 m. We 
have two equations we can write, both based on Eq. 2-30, 


1 2 
Yr = Yor Voyti — uae 
1 
ti = (0) + (0)tr — Sti, 
and 
1 2 
y2 = Yor Voyt2 — 9 9'2) 
1 
y—-lilm = (0)+(0)t.—- 59 (th + 0.27 s)?, 


Isolate y; in this last equation and then set the two expressions equal to each other so that we can 
solve for ty, 


1 1 
— 5941 = lilm- 5 olen + 0.27 s)?, 
1 1 
sat = lim- 59 (ti + [0.54 s]t; + 0.073 s?), 
1 
0 = 1lilm- 59 (0.54 s|t1 + 0.073 s?). 


This last line can be directly solved to yield t; = 0.28 s as the time when the falling pot passes the 
top of the window. Use this value in the first equation above and we can find y,; = —4$(9.8 m/s”) (0.28 
s)? = —0.38 m. The negative sign is because the top of the window is beneath the highest point, so 
the pot must have risen to 0.38 m above the top of the window. 


P2-1 (a) The net shift is \/(22m)? + (17m)?) = 28m. 
(b) The vertical displacement is (17m) sin(52°) = 13 m. 


P2-2 Wheel “rolls” through half of a turn, or mr = 1.41m. The vertical displacement is 2r = 
0.90m. The net displacement is 


/ (1.41 m)2 + (0.90 m)? = 1.67 m0. 


The angle is 
6 = tan ‘(0.90 m)/(1.41 m) = 33°. 


P2-3| We align the coordinate system so that the origin corresponds to the starting position of 
the fly and that all positions inside the room are given by positive coordinates. 
(a) The displacement vector can just be written, 


AF = (10 ft)i + (12 ft)j + (14 ft)k. 


(b) The magnitude of the displacement vector is |Ar| = 102 + 122 + 14? ft= 21 ft. 
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(c) The straight line distance between two points is the shortest possible distance, so the length 
of the path taken by the fly must be greater than or equal to 21 ft. 

(d) If the fly walks it will need to cross two faces. The shortest path will be the diagonal across 
these two faces. If the lengths of sides of the room are 1,, J2, and l3, then the diagonal length across 
two faces will be given by 


(dy + lg)? + 02, 


where we want to choose the 1; from the set of 10 ft, 12 ft, and 14 ft that will minimize the length. 
The minimum distance is when J, = 10 ft, l2 = 12 ft, and Jj = 14. Then the minimal distance the 
fly would walk is 26 ft. 


P2-4 Choose vector 4 to lie on the x axis. Then & = ai and b = Dei + byJ where b; = bcos@ and 
by, = bsin 6. The sum then has components 


rz =a+bcosé@ and r, = bsind. 
Then 


r2 = (a+bcos6)” + (bsind)’, 
= a’ +2abcosé + b?. 


P2-5 (a) Average speed is total distance divided by total time. Then 


_ (35.0 mi/hr)(¢/2) + (55.0 mi/br)(t/2) _ ye) 
tay = Gaye = 45.0 mi/hr. 


(b) Average speed is total distance divided by total time. Then 


(d/2) + (d/2) 


av — z > = 42. i/hr. 
Vav = (79) /(85.0 mi/hr) + (d/2)/(55.0 mifhr) ~ 228 mi/be 
(c) Average speed is total distance divided by total time. Then 
d+d ; 
Ys = (G50 nif) + @)/(2emyhy 


P2-6 (a) We'll do just one together. How about t = 2.0s? 
a = (3.0m/s)(2.0s) + (—4.0 m/s?) (2.0s)? + (1.0m/s*)(2.0s)* = —2.0m. 


The rest of the values are, starting from t = 0, x = 0.0 m, 0.0 m, -2.0 m, 0.0 m, and 12.0 m. 

(b) Always final minus initial. The answers are x — 2; = —2.0m—0.0m = —2.0m and wf — 2; = 
12.0m — 0.0m = 12.0m. 

(c) Always displacement divided by (change in) time. 


_ 2.0m) —(—-2.0m) 
Ue aga ooy tr 


and 
(0.0m) — (0.0m) 


“av ~ “3.0s) — (0.08) 


= 0.0m/s. 
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P2-7| (a) Assume the bird has no size, the trains have some separation, and the bird is just 
leaving one of the trains. The bird will be able to fly from one train to the other before the two 
trains collide, regardless of how close together the trains are. After doing so, the bird is now on the 
other train, the trains are still separated, so once again the bird can fly between the trains before 
they collide. This process can be repeated every time the bird touches one of the trains, so the bird 
will make an infinite number of trips between the trains. 

(b) The trains collide in the middle; therefore the trains collide after (51 km)/(34 km/hr) = 1.5 
hr. The bird was flying with constant speed this entire time, so the distance flown by the bird is (58 
km/hr) (1.5 hr) = 87 km. 


P2-8 (a) Start with a perfect square: 


(vy—v2)? > 0, 
vite > 2vlv2, 
(ug tvus)tite > uivetite, 
dit di + (uzt+va)titg > d? +d 4 2ujivetite, 
(uiti + vzte)(ti +t2) > (di +dy)?, 
vith + vate a d, + do 

d, + do ty +t’ 

v1 dy + V2dq ss Uyty + Vate 
d, + do ty + to 


Actually, it only works if d; + dp > 0! 
(b) If U1 = V2. 


P2-9 (a) The average velocity during the time interval is vz, = Aw/At, or 


_ (A+ BG@s)?) — (A+ B(28)%) _ : 
Vay = Bs) Gs) = (1.50 cm/s*)(19s?)/(1s) = 28.5 cm/s. 
(b) v = dx/dt = 3Bt? = 3(1.50 em/s”)(2s)? = 18 cm/s. 
(c) v = dx/dt = 3Bt? = 3(1.50 cm/s*)(3s)? = 40.5 cm/s. 
(d) v = dx/dt = 3Bt? = 3(1.50 cm/s*)(2.5s)? = 28.1 cm/s. 
(e) The midway position is (xp + 2) /2, or 


mia = A+ B[(3s)*? + (28)?)]/2 = A+ (17.58°)B. 
This occurs when ¢t = ¥/(17.5s%). The instantaneous velocity at this point is 


v = da/dt = 3Bt? = 3(1.50 cm/s*)(%/(17.5s3))? = 30.3 cm/s. 


P2-10 Consider the figure below. 


»< xX xX »< 
Sor Na 
1 t 1 t 1 t I t 
) (b) (c) 


(a c (d) 
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P2-11) (a) The average velocity is displacement divided by change in time, 


_ (2.0 m/s*)(2.0 s)* — (2.0 m/s*)(1.0 5) _ 14.0 m _ | 
Vay = (2.0 s) a (1.0 s) = Aas 14.0 m/s. 


The average acceleration is the change in velocity. So we need an expression for the velocity, which 
is the time derivative of the position, 
dx d 
Uma 2-9 m/s°)t? = (6.0 m/s*)t?. 
From this we find average acceleration 


(6.0 m/s*)(2.0 s)? — (6.0 m/s®)(1.0 s)? _ 18.0 m/s 


= 18.0 m/s’. 
(2.0s) — (1.08) 10s me 


Gay = 


(b) The instantaneous velocities can be found directly from v = (6.0 m/s”)t?, so v(2.0 s) = 24.0 
m/s and v(1.0 s) = 6.0 m/s. We can get an expression for the instantaneous acceleration by taking 
the time derivative of the velocity 

dv d 3\,2 3 
= = =(6.0 m/s°)#? = (12.0 m/s’)t. 
a=] HO 0 m/s”) (12.0 m/s” )t 
Then the instantaneous accelerations are a(2.0 s) = 24.0 m/s? and a(1.0 s) = 12.0 m/s? 

(c) Since the motion is monotonic we expect the average quantities to be somewhere between 

the instantaneous values at the endpoints of the time interval. Indeed, that is the case. 


P2-12 Consider the figure below. 


a(m/s/2) v(im/s) x(m) 
15 75 
10 50 
>) 25 
0 0 
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10 


t(s) t(s) t(s) 


P2-13 Start with vs = v; + at, but ve = 0, so v; = —at, then 


SP iat 
BE ge pa i5e 


sot = ,/—22/a= -2(19.2 ft) /(—32 ft/s”) = 1.10s. Then v; = —(—32 ft/s”)(1.10s) = 35.2 ft/s. 
Converting, 
35.2 ft/s(1/5280 mi/ft)(3600 s/h) = 24 mi/h. 


27 


P2-14 (b) The average speed during while traveling the 160 m is 
Vay = (33.0m/s + 54.0 m/s) /2 = 43.5 m/s. 


The time to travel the 160 m is t = (160 m)/(43.5m/s) = 3.68s. 
(a) The acceleration is 
Qe 2v;  2(160m) 2(33.0m/s) 


— — = 5.69 oe 
a= 2 4 ~ (3.688)? (3.688) ne 


(c) The time required to get up to a speed of 33 m/s is 
t = v/a = (33.0m/s)/(5.69 m/s”) = 5.80s. 


(d) The distance moved from start is 


1 1 
d= sat = 5 (5-69 m/s*)(5.80 s)? = 95.7 m. 


P2-15 (a) The distance traveled during the reaction time happens at constant speed; treac = d/v = 
(15 m)/(20 m/s) = 0.75s. 

(b) The braking distance is proportional to the speed squared (look at the numbers!) and in 
this case is dprake = U2/(20m/s?). Then dprake = (25 m/s)?/(20 m/s?) = 31.25m. The reaction time 
distance is dreac = (25m /s)(0.75s) = 18.75m. The stopping distance is then 50 m. 


P2-16 (a) For the car x. = a¢t?/2. For the truck 2; = ut. Set both x; to the same value, and 
then substitute the time from the truck expression: 


£ = act” /2 = a-(x/v4)?/2, 


x = 2u;,7/ae = 2(9.5m/s)?/(2.2 m/s) = 82m. 


(b) The speed of the car will be given by uv, = act, or 


Ue = Act = a-u/v;y = (2.2 m/s)(82 m)/(9.5m/s) = 19 m/s. 


P2-17| The runner covered a distance d, in a time interval t; during the acceleration phase and 
a distance d2 in a time interval t2 during the constant speed phase. Since the runner started from 
rest we know that the constant speed is given by v = at,, where a is the runner’s acceleration. 
The distance covered during the acceleration phase is given by 

1 


dy = aot 


The distance covered during the constant speed phase can also be found from 
dy = vto = atyto. 
We want to use these two expressions, along with d, + dz = 100 m and t, = (12.2 s) — ty, to get 
1 
100m = djt+d,= aot + at (12.2 s — t,), 
1 
- 5a + a(12.2 s)t,, 


= —(1.40 m/s”)? + (34.2 m/s)t1. 
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This last expression is quadratic in t;, and is solved to give t; = 3.40s or t; = 21.0s. Since the race 
only lasted 12.2 s we can ignore the second answer. 
(b) The distance traveled during the acceleration phase is then 


1 
dy = 5a = (1.40 m/s”)(3.40s)? = 16.2m. 


P2-18 (a) The ball will return to the ground with the same speed it was launched. Then the total 
time of flight is given by 
t = (vp — v;)/g = (—25m/s — 25m/s)/(9.8 m/s”) = 5.1s. 
(b) For small quantities we can think in terms of derivatives, so 


dt = (dug — Ov;)/g, 


or T = 2e/g. 


P2-19 Use y = —gt?/2, but only keep the absolute value. Then ys9 = (9.8m/s”)(0.05s)?/2 = 
1.2 cm; y100 = (9.8m/s”)(0.10s)?/2 = 4.9 cm; yiso = (9.8m/s?)(0.15s)?/2 = 11 cm; yoo = 
(9.8 m/s2)(0.20s)2/2 = 20 cm; yoso = (9.8m/s2)(0.25s)2/2 = 31 cm. 


P2-20 The truck will move 12m in (12m)/(55 km/h) = 0.785s. The apple will fall y = —gt?/2 = 
—(9.81 m/s?)(0.785 s)2/2 = —3.02 m. 


P2-21| The rocket travels a distance d, = Lat? = 4(20 m/s”)(60 s)? = 36,000 m during the accel- 
eration phase; the rocket velocity at the end of the acceleration phase is v = at = (20 m/s”)(60 s) = 
1200 m/s. The second half of the trajectory can be found from Eqs. 2-29 and 2-30, with yo = 36,000 
m and voy = 1200 m/s. 

(a) The highest point of the trajectory occurs when v, = 0, so 


Vy = Voy — gt, 
(0) = (1200 m/s) — (9.8 m/s”), 
122s = t. 


This time is used to find the height to which the rocket rises, 


1 » 
yr Yo + Voyt — gt", 


(36000 m) + (1200 m/s) (122s) 


l| 


i 
— 5 (98 m/s”)(122 s)? = 110000 m. 


(b) The easiest way to find the total time of flight is to solve Eq. 2-30 for the time when the 
rocket has returned to the ground. Then 


1 2 
Y = Yor Voyt — It ; 
1 
(0) = (36000 m) + (1200 m/s)t— 5(9.8 m/s”)t?. 


This quadratic expression has two solutions for t; one is negative so we don’t need to worry about 
it, the other is t = 270s. This is the free-fall part of the problem, to find the total time we need to 
add on the 60 seconds of accelerated motion. The total time is then 330 seconds. 
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P2-22 (a) The time required for the player to “fall” from the highest point a distance of y = 15 cm 
is \/2y/g; the total time spent in the top 15 cm is twice this, or 2\/2y/g = 2,/2(0.15 m)/(9.81 m/s) = 
0.350s. 

(b) The time required for the player to “fall” from the highest point a distance of 76 cm is 
\/2(0.76 m)/(9.81 m/s) = 0.394s, the time required for the player to fall from the highest point a 
distance of (76 — 15 = 61) cm is \/2(0.61m)/g = 0.353s. The time required to fall the bottom 15 
cm is the difference, or 0.041 s. The time spent in the bottom 15 cm is twice this, or 0.081 s. 


P2-23 (a) The average speed between A and B is vay = (vu + v/2)/2 = 3u/4. We can also write 
Vay = (3.0m)/At = 3u/4. Finally, v/2 = v — gAt. Rearranging, v/2 = gAt. Combining all of the 


above, 
v CS m) 


a 2 3u 


Then v = \/(8.0m)(9.8m/s?) = 8.85 m/s. 
(b) The time to the highest point above B is v/2 = gt, so the distance above B is 


2 2 
9,2. Vv gfuv vfv v 
a ae S(3) +3 (5) 89 


Then y = (8.85 m/s)?/(8(9.8m/s”)) = 1.00 m. 


) or uv = (8.0m)g. 


P2-24 (a) The time in free fall is t = \/—2y/g = \/—2(—145 m)/(9.81 m/s?) = 5.448. 

(b) The speed at the bottom is v = —gt = —(9.81 m/s”)(5.44s) = —53.4m/s. 

(c) The time for deceleration is given by v = —25gt, or t = —(—53.4m/s)/(25 x 9.81 /s?) = 
0.218s. The distance through which deceleration occurred is 


2 
y= oe + vt = (123 m/s”) (0.2188)? + (—53.4 m/s) (0.218s) = —5.80 m. 


P2-25| Find the time she fell from Eq. 2-30, 


(0 ft) = (144 ft) + (0)t — (32 ft,/s°)t?, 


which is a simple quadratic with solutions t = +3.0 s. Only the positive solution is of interest. Use 
this time in Eq. 2-29 to find her speed when she hit the ventilator box, 


vy = (0) — (32 ft/s”)(3.0 s) = —96 ft/s. 
This becomes the initial velocity for the deceleration motion, so her average speed during deceleration 
is given by Eq. 2-27, 
Davy = 5 (Uy + Yoy) = 5 ((0) + (-96 ft/s)) = —48 ft/s. 
This average speed, used with the distance of 18 in (1.5 ft), can be used to find the time of deceleration 
Vay y = Ay/At, 


and putting numbers into the expression gives At = 0.031 s. We actually used Ay = —1.5 ft, where 
the negative sign indicated that she was still moving downward. Finally, we use this in Eq. 2-26 to 
find the acceleration, 

(0) = (—96 ft/s) + a(0.031 s), 
which gives a = +3100 ft/s?. In terms of g this is a = 97g, which can be found by multiplying 
through by 1 = g/(32 ft/s”). 
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P2-26 Let the speed of the disk when it comes into contact with the ground be v,; then the 
average speed during the deceleration process is v,/2; so the time taken for the deceleration process 
is t; = 2d/v1, where d = —2mm. But d is also give by d = at?/2 + vit1, so 


1 2d\? 2d a 
fae ( “) bv ( ) = 20095, + 24, 
2 V1 V1 vy 


or v? = —200gd. The negative signs are necessary!. 

The disk was dropped from a height h = —y and it first came into contact with the ground when 
it had a speed of v1. Then the average speed is v1 /2, and we can repeat most of the above (except 
a = —g instead of 100g), and then the time to fall is tg = 2y/v, 


Qy\? 2 2 
y= $(2) +m (2) = 20% +9, 
2\v1 V1 Uj 
2 


or vj = —2gy. The negative signs are necessary!. 
Equating, y = 100d = 100(—2mm) = —0.2m, so h = 0.2m. Note that although 100g’s sounds 
like plenty, you still shouldn’t be dropping your hard disk drive! 


P2-27 Measure from the feet! Jim is 2.8 cm tall in the photo, so 1 cm on the photo is 60.7 
cm in real-life. Then Jim has fallen a distance y; = —3.04m while Clare has fallen a distance 
yg = —5.77m. Clare jumped first, and the time she has been falling is t2; Jim jumped seconds, the 
time he has been falling is t; = t2 — At. Then yg = —gt3/2 and y, = —gt?/2, or te = \/—2yo/g = 
/—2(—5.77 m)/(9.81 m/s?) = 1.08s and ty = \/—2yi/g = \/—2(3.04m)/(9.81 m/s?) = 0.798. So 
Jim waited 0.29s. 


P2-28 (a) Assuming she starts from rest and has a speed of v; when she opens her chute, then 
her average speed while falling freely is v,/2, and the time taken to fall y, = —52.0m is ty = 2y,/v1. 
Her speed v is given by v1 = —gti, or vf = —2gy1. Then v; = —\/—2(9.81 m/s?)(—52.0m) = 
—31.9m/s. We must use the negative answer, because she fall down! The time in the air is then 
ty = /—2y1/9 = V/—2(52.0 m)/(9.81 m/s?) = 3.26s. 

Her final speed is vg = —2.90m/s, so the time for the deceleration is tg = (vg — v1)/a, where 
a =2.10m/s?. Then ty = (—2.90m/s — —31.9 m/s) /(2.10 m/s?) = 13.88. 

Finally, the total time of flight is f= t] + te = 3.268+13.8s =17.1s. 

(b) The distance fallen during the deceleration phase is 


(2.10 m/s?) 


5 (13.8s)? + (—31.9m/s)(13.8s) = —240 m. 


Y2 = 503 + vite =— 


The total distance fallen is y = y, + yo = —52.0m— 240m = —292m. It is negative because she was 
falling down. 


P2-29 Let the speed of the bearing be v, at the top of the windows and v2 at the bottom. 
These speeds are related by vg = v1 — gti2, where tjz2 = 0.125s is the time between when the 
bearing is at the top of the window and at the bottom of the window. The average speed is 
Vay = (U1 + v2)/2 = v1 — gti2/2. The distance traveled in the time ty2 is yig = —1.20m, so 


Y12 = Vavti2 = Viti2 — gti /2, 


and expression that can be solved for v; to yield 


yi2 + gt2y/2 — (—1.20m) + (9.81 m/s?)(0.125 s)?/2 
UL = = 


= —8.99 ; 
tie (0.125 s) me 
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Now that we know v1 we can find the height of the building above the top of the window. The time 
the object has fallen to get to the top of the window is t; = —v,/g = —(—8.99 m/s) /(9.81 m/s?) = 
0.916 m. 

The total time for falling is then (0.916 s) + (0.125s) +(1.0s) = 2.04s. Note that we remembered 
to divide the last time by two! The total distance from the top of the building to the bottom is then 


y = —gt? /2 = —(9.81 m/s”)(2.04s)?/2 = 20.4m. 


P2-30 Each ball falls from a highest point through a distance of 2.0m in 


t = \/—2(2.0m)/(9.8m/s2) = 0.639. 


The time each ball spends in the air is twice this, or 1.28s. The frequency of tosses per ball is the 
reciprocal, f = 1/T = 0.781s~!. There are five ball, so we multiply this by 5, but there are two 
hands, so we then divide that by 2. The tosses per hand per second then requires a factor 5/2, and 
the tosses per hand per minute is 60 times this, or 117. 


P2-31| Assume each hand can toss n objects per second. Let 7 be the amount of time that any 
one object is in the air. Then 2nz7 is the number of objects that are in the air at any time, where 
the “2” comes from the fact that (most?) jugglers have two hands. We’ll estimate n, but 7 can be 
found from Eq. 2-30 for an object which falls a distance h from rest: 


1 
0=h+ (0)t— sat”, 


solving, t = ,/2h/g. But 7 is twice this, because the object had to go up before it could come down. 
So the number of objects that can be juggled is 


4ny/2h/g 


We estimate n = 2 tosses/second. So the maximum number of objects one could juggle to a height 


h would be 
3.6\/h/meters. 


P2-32 (a) We need to look up the height of the leaning tower to solve this! If the height is h = 56m, 
then the time taken to fall a distance h = —y; is ty = \/—2y1/9 = \/—2(—56 m)/(9.81 m/s?) = 3.4s. 
The second object, however, has only fallen a a time tg = t; — At = 3.38, so the distance the second 
object falls is yo = —gt}/2 = —(9.81 m/s?) (3.3s)?/2 = 53.4. The difference is y, — yo = 2.9m. 

(b) If the vertical separation is Ay = 0.01m, then we can approach this problem in terms of 
differentials, 


dy = at ot, 
so ot = (0.01 m)/[((9.81 m/s?)(3.4s)] = 3x107*s. 


P2-33 Use symmetry, and focus on the path from the highest point downward. Then Aty = 2ty, 
where ty is the time from the highest point to the upper level. A similar expression exists for 
the lower level, but replace U with L. The distance from the highest point to the upper level is 
yu = —gtt,/2 = —g(Aty/2)?/2. The distance from the highest point to the lower level is yr = 
—gt? /2 = —g(At,/2)?/2. Now H = yy — yr = —gAti,/8 — —gAt?,/8, which can be written as 


8H 


ala a eer Ov aE 
At? — Atz, 
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E3-1 The Earth orbits the sun with a speed of 29.8 km/s. The distance to Pluto is 5900x 10° km. 
The time it would take the Earth to reach the orbit of Pluto is 


t = (5900 x 10° km) /(29.8 km/s) = 2.0x 108s, 


or 6.3 years! 


E3-2 (a) a= F/m = (3.8N)/(5.5kg) = 0.69 m/s?. 
(b) t = ve/a = (5.2 m/s) /(0.69 m/s”) = 7.58. 
(c) = at?/2 = (0.69 m/s”)(7.5s)?/2 = 20m. 


E3-3| Assuming constant acceleration we can find the average speed during the interval from Eq. 
2-27 


1 1 
Vav.2 = 5 (Ur + Vor) = 5 ((5.8x 10° m/s) + (0)) = 2.9x 10° m/s. 


From this we can find the time spent accelerating from Eq. 2-22, since Ax = va,,,At. Putting in 
the numbers At = 5.17x107%s. The acceleration is then 
Ave (5.8 10° m/s) — (0) 


2= = = 1.1x10!°m/s?. 
Me he (5.17 x 10-s) eas 


The net force on the electron is from Eq. 3-5, 


SS Fy = maz = (9.11 1073"kg) (1.1 x 10’°m/s?) = 1.0x1071°N. 


E3-4 The average speed while decelerating is vy, = 0.7x10’m/s. The time of deceleration is 
t = ¢/Vay = (1.0x107!4m)/(0.7 x 10’m/s) = 1.4x107?!s. The deceleration is a = Av/t = (—1.4x 
10’m/s) /(1.4x 10721 s) = —1.0x1078m/s?. The force is F = ma = (1.67x107?"kg)(1.0x10?8m/s?) = 
17N. 


E3-5| The net force on the sled is 92 N—90 N= 2 N; subtract because the forces are in opposite 
directions. Then 
_XR _ QN) 


m (25kg) 


= 8.0x107?m/s?. 


ar 


E3-6 53 km/hr is 14.7m/s. The average speed while decelerating is vay = 7.4m/s. The time 
of deceleration is t = 2/vay = (0.65m)/(7.4m/s) = 8.8x10~?s. The deceleration is a = Av/t = 
(—14.7m/s)/(8.8x10~?s) = —17x10?m/s?. The force is F = ma = (39kg)(1.7x10?m/s?) = 6600 N. 


E3-7 Vertical acceleration is a = F/m = (4.5x 107'°N)/(9.11 x 107*!kg) = 4.9x 10!°m/s?. The 
electron moves horizontally 33 mm in a time t = x/v, = (0.033 m)/(1.2 x 107m/s) = 2.8x 1079s. 
The vertical distance deflected is y = at?/2 = (4.9x 10!°m/s)(2.8 x 1079 s)?/2 = 1.9x107-?m. 


E3-8 (a) a= F/m= (29N)/(930kg) = 3.1x10-? m/s?. 


(b) x = at?/2 = (3.1 x 10-2 m/s?) (86400 s)2/2 = 1.2x 108m. 
(c) v = at = (3.1 107? m/s”)(86400s) = 2700 m/s. 
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E3-9| Write the expression for the motion of the first object as > F, = mai, and that of the 
second object as )> F, = m2a2,. In both cases there is only one force, F’, on the object, so > F, = F. 
We will solve these for the mass as m, = F'/a, and mz = F'/ag. Since a; > a2 we can conclude that 
m2 >mMy, 

(a) The acceleration of and object with mass m2 — m, under the influence of a single force of 
magnitude F’ would be 


Fo F 7 1 
myg—-m, F/ag—F/a,  1/(3.30m/s?) —1/(12.0m/s?)’ 


— 


which has a numerical value of a = 4.55 m/s?. 
(b) Similarly, the acceleration of an object of mass mz + my under the influence of a force of 
magnitude F’ would be 


1 1 


“ TJaz+1/a, 1/(3.30m/s2) + 1/(12.0m/s?)’ 


which is the same as part (a) except for the sign change. Then a = 2.59 m/s?. 


E3-10 (a) The required acceleration is a = v/t = 0.1c/t. The required force is F = ma = 0.1mc/t. 
Then 
F = 0.1(1200 x 10° kg) (3.00 x 10°m/s) /(2.59 x 10°s) = 1.4x 108N, 


and 
F = 0.1(1200 x 10° kg) (3.00 x 108m/s) /(5.18 x 10°s) = 6.9 x 10°N, 


(b) The distance traveled during the acceleration phase is 2; = at?/2, the time required to 
travel the remaining distance is tg = %2/v where x2 = d— 2. d is 5 light-months, or d = (3.00 x 
108m/s) (1.30 107s) = 3.90 10'5m. Then 

— 2d — at} 
Ly & aly = 


d 2d — vty 
t=titte=ty + =t = t; + ———. 
v 2u 2u 


If t; is 3 days, then 


2(3.90 x 10!°m) — (3.00 x 10’m/s) (2.59 x 10°s) 


a5 5 | 
t = (2.59x 10°s) 4 2(3.00 x 107m/s) 


= 1.30 108s = 4.12 yr, 


if t; is 2 months, then 


2(3.90 x 10!°m) — (3.00 x 10’m/s) (5.18 x 10®s) 


_ 6. 
Re deepen 2(3.00 x 10’m/s) 


= 1.33x 108s = 4.20 yr, 


E3-11| (a) The net force on the second block is given by 


S > Fr = M227 = (3.8kg)(2.6m/s”) = 9.9N. 


There is only one (relevant) force on the block, the force of block 1 on block 2. 

(b) There is only one (relevant) force on block 1, the force of block 2 on block 1. By Newton’s 
third law this force has a magnitude of 9.9 N. Then Newton’s second law gives }> Ff, = —9.9 
N= m 412 = (4.6 kg)ai,. So a12 = —2.2 m/s? at the instant that a2, = 2.6 m/s?. 


E3-12 
(b) 
(c) 


(a) W = (5.00 Ib)(4.448N/lb) = 22.2N; m = W/g = (22.2N)/(9.81 m/s?) = 2.26 kg. 
W = (240 Ib)(4.448 N/Ib) = 1070N; m = W/g = (1070 N) /(9.81 m/s?) = 109ke. 
W = (3600 Ib)(4.448 N/Ib) = 16000 N; m = W/g = (16000 N)/(9.81 m/s?) = 1630kg. 
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E3-13 (a) W = (1420.00 Ib)(4.448N/Ib) = 6320N; m = W/g = (6320 N)/(9.81 m/s?) = 644kg. 
(b) m = 412ke; W = mg = (412kg)(9.81 m/s?) = 4040N. 


E3-14 (a) W = mg = (75.0kg)(9.81 m/s?) = 736N. 
(b) W = mg = (75.0 kg) (3.72 m/s”) = 279N. 
(c) W = mg = (75.0kg)(0 m/s”) = ON. 
(d) The mass is 75.0 kg at all locations. 


E3-15| If g =9.81 m/s”, then m = W/g = (26.0 N)/(9.81 m/s”) = 2.65 kg. 

(a) Apply W = mg again, but now g = 4.60 m/s?, so at this point W = (2.65 kg)(4.60 m/s?) = 
12.2 N. 

(b) If there is no gravitational force, there is no weight, because g = 0. There is still mass, 
however, and that mass is still 2.65kg. 


E3-16 Upward force balances weight, so F = W = mg = (12000kg) (9.81 m/s?) = 1.2 x 10°N. 


E3-17 Mass is m = W/g; net force is F = ma, or F = Wa/g. Then 


F = (3900 Ib) (13 ft/s”) /(32 ft/s”) = 1600 lb. 


E3-18 a= Av/At = (450m/s)/(1.82s) = 247m/s”. Net force is F = ma = (523kg)(247 m/s”) = 
1.29x10°N. 


E3-19| 5~ F, = 2(1.4x10° N) = ma,z. Then m = 1.22x10° kg and 


W = mg = (1.22 10°kg) (9.81 m/s”) = 1.20x10°N. 


E3-20 Do part (b) first; there must be a 10 lb force to support the mass. Now do part (a), but 
cover up the left hand side of both pictures. If you can’t tell which picture is which, then they must 
both be 10 lb! 


E3-21 (b) Average speed during deceleration is 40 km/h, or 11 m/s. The time taken to stop the 
car is then t = v/vay = (61 m)/(11m/s) = 5.6s. 

(a) The deceleration is a = Av/At = (22m/s)/(5.6s) = 3.9m/s?. The braking force is F = 
ma = Wa/g = (13, 000 N)(3.9 m/s?) /(9.81 m/s”) = 5200 N. 

(d) The deceleration is same; the time to stop the car is then At = Av/a = (11 m/s) /(3.9m/s?) = 
2.8 8. 

(c) The distance traveled during stopping is 7 = vayt = (5.6 m/s)(2.8s) = 16m. 


E3-22 Assume acceleration of free fall is 9.81 m/s? at the altitude of the meteor. The net force is 
Fret = ma = (0.25kg)(9.2 m/s”) = 2.30N. The weight is W = mg = (0.25 kg)(9.81 m/s”) = 2.45 N. 
The retarding force is Fee — W = (2.3N) — (2.45N) = —0.15N. 


E3-23| (a) Find the time during the “jump down” phase from Eq. 2-30. 


Om= O48 mee 598 m/s2)¢, 


which is a simple quadratic with solutions t = +0.31 s. Use this time in Eq. 2-29 to find his speed 
when he hit ground, 
vy = (0) — (9.8 m/s*)(0.31 s) = —3.1 m/s. 
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This becomes the initial velocity for the deceleration motion, so his average speed during deceleration 
is given by Eq. 2-27, 


Vavay = 5 (Uy + 0p) = 5 ((0) + (3-1 m/s)) = -1.6 m/s. 


This average speed, used with the distance of -2.2 cm (-0.022 m), can be used to find the time of 
deceleration 
Vex = Ay/ At, 
and putting numbers into the expression gives At = 0.014 s. Finally, we use this in Eq. 2-26 to find 
the acceleration, 
(0) = (—3.1 m/s) + a(0.014 s), 
which gives a = 220 m/s?. 
(b) The average net force on the man is 


S] Fy = may = (83kg)(220 m/s”) = 1.8x 104N. 


E3-24 The average speed of the salmon while decelerating is 4.6 ft/s. The time required to stop 
the salmon is then t = @/Vay = (0.38 ft)/(4.6 ft/s) = 8.3x 1072s. The deceleration of the salmon 
is a = Av/At = (9.2 ft/s)/(8.2-2s) = 110 ft/s’. The force on the salmon is then F = Wa/g = 
(19 lb)(110 ft/s*)/(32 ft/s”) = 65 lb. 


E3-25| From appendix G we find 1 lb = 4.448 N; so the weight is (100 Ib)(4.448 N/1 Ib) = 445 
N; similarly the cord will break if it pulls upward on the object with a force greater than 387 N. 
The mass of the object is m = W/g = (445 N)/(9.8 m/s?) = 45 kg. 

There are two vertical forces on the 45 kg object, an upward force from the cord Fog (which has a 
maximum value of 387 N) and a downward force from gravity Fog. Then }> Fy = Foc— Fog = (387 
N) — (445 N) = —58 N. Since the net force is negative, the object must be accelerating downward 
according to 


dy = 5> F,/m = (-58N)/(45kg) = -1.3m/s’. 


E3-26 (a) Constant speed means no acceleration, hence no net force; this means the weight is 
balanced by the force from the scale, so the scale reads 65 N. 

(b) Net force on mass is Fyet = ma = Wa/g = (65 N)(—2.4m/s”)/(9.81 m/s?) = —16N.. Since 
the weight is 65 N, the scale must be exerting a force of (—16 N) — (—65N) = 49N. 


E3-27 The magnitude of the net force is W — R = (1600kg)(9.81 m/s?) — (3700 N) = 12000N. 
The acceleration is then a = F'/m = (12000N)/(1600kg) = 7.5m/s?. The time to fall is 


t = /2y/a = /2(—72 m) /(—7.5 m/s?) = 4.48. 
The final speed is v = at = (—7.5m/s”)(4.4s) = 33m/s. Get better brakes, eh? 


E3-28 The average speed during the acceleration is 140 ft/s. The time for the plane to travel 300 
ft is 
t = #/Vay = (300 ft)/(140 ft/s) = 2.14s. 


The acceleration is then 
a = Av/At = (280 ft/s) /(2.14s) = 130 ft/s’. 


The net force on the plane is F = ma = Wa/g = (52000 Ib)(130 ft/s”) /(32 ft/s”) = 2.1x 10°lb. 
The force exerted by the catapult is then 2.1 x 10°lb — 2.4x 10+ Ib = 1.86 x 10° lb. 
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E3-29 (a) The acceleration of a hovering rocket is 0, so the net force is zero; hence the thrust must 
equal the weight. Then T = W = mg = (51000 kg) (9.81 m/s?) = 5.0 x 10°N. 

(b) If the rocket accelerates upward then the net force is F = ma = (51000kg)(18m/s?) = 
9.2x10°N. Now Fret = T — W, so T = 9.2x10°N +5.0x10°N = 1.42 x 10°N. 


E3-30 (a) Net force on parachute + person system is Fete = ma = (77kg + 5.2kg)(—2.5s?) = 
—210N. The weight of the system is W = mg = (77kg+5.2kg)(9.81s”) = 810N. If P is the upward 
force of the air on the system (parachute) then P = Fy, + W = (—210N) + (810N) = 600N. 

(b) The net force on the parachute is Fyet = ma = (5.2kg)(—2.5s”) = —13N. The weight of the 
parachute is W = mg = (5.2kg)(9.81m/s?) = 51N. If D is the downward force of the person on 
the parachute then D = —Fye, — W + P = —(—13N) — (51N) + 600 N = 560N. 


E3-31]| (a) The total mass of the helicopter+car system is 19,500 kg; and the only other force 
acting on the system is the force of gravity, which is 


W = mg = (19,500 kg) (9.8 m/s”) = 1.91 x 10°N. 


The force of gravity is directed down, so the net force on the system is )> Fy = Fga — (1.91 x 10° 
N). The net force can also be found from Newton’s second law: > Fy = ma, = (19,500 kg)(1.4 
m/s?) = 2.7x 10+ N. Equate the two expressions for the net force, Fg4 — (1.91x10° N) = 2.7x104 
N, and solve; Fg4 = 2.2x10° N. 

(b) Repeat the above steps except: (1) the system will consist only of the car, and (2) the upward 
force on the car comes from the supporting cable only Foc. The weight of the car is W = mg = (4500 
kg)(9.8 m/s”) = 4.4x104 N. The net force is > Fy = Foo — (4.4x 104 N), it can also be written as 
Y> Fy = may = (4500 kg)(1.4 m/s?) = 6300 N. Equating, Foc = 50,000 N. 


P3-1 (a) The acceleration is a = F'/m = (2.7x 10~°N) /(280kg) = 9.64x 10~8m/s?. The displace- 
ment (from the original trajectory) is 


y = at?/2 = (9.64x 107 8m/s”)(2.4s)?/2 = 2.8x107-"m. 


(b) The acceleration is a = F/m = (2.7x 107°N)/(2.1kg) = 1.3x107~°m/s?. The displacement 
(from the original trajectory) is 


y = at? /2 = (1.3x107-°m/s?) (2.4s)?/2 = 3.7x 107°m. 


P3-2 (a) The acceleration of the sled is a = F/m = (5.2N)/(8.4kg) = 0.62 m/s?. 

(b) The acceleration of the girl is a = F/m = (5.2N)/(40 kg) = 0.13 m/s?. 

(c) The distance traveled by girl is x, = a,t?/2; the distance traveled by the sled is xz = agt?/2. 
The two meet when 2; + x2 = 15m. This happens when (a; + a2)t? = 30m. They then meet when 
t = \/(30m)/(0.13 m/s? + 0.62 m/s?) = 6.38. The girl moves x1 = (0.13 m/s”) (6.3s)?/2 = 2.6m. 


P3-3| (a) Start with block one. It starts from rest, accelerating through a distance of 16 m in a 
time of 4.2 s. Applying Eq. 2-28, 


Le. 6 
L = Lt+Voct+ gaat ; 
1 
—-16m = (0)+(0)(4.2s)+ 5 an(4.2 8)?, 
find the acceleration to be ay = —1.8 m/s?. 
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Now for the second block. The acceleration of the second block is identical to the first for much 
the same reason that all objects fall with approximately the same acceleration. 


(b) The initial and final velocities are related by a sign, then vz = —voz and Eq. 2-26 becomes 
Ug = Udx + Ggt, 
—Voxr = Vor + Get, 
—2vuo2 = (—1.8 m/s”)(4.2 8). 


which gives an initial velocity of vo, = 3.8 m/s. 
(c) Half of the time is spent coming down from the highest point, so the time to “fall” is 2.1 s. 
The distance traveled is found from Eq. 2-28, 


x = (0) + (0)(2.1s) + 5(-18 m/s)(2.18)? = —4.0m. 


P3-4 (a) The weight of the engine is W = mg = (1400kg)(9.81 m/s”) = 1.37x 104N. If each bolt 
supports 1/3 of this, then the force on a bolt is 4600N. 
(b) If engine accelerates up at 2.60 m/s”, then net force on the engine is 


Fret = ma = (1400 kg) (2.60 m/s?) = 3.64x 10° N. 
The upward force from the bolts must then be 
B= Frye + W = (3.64x 108 N) + (1.37x 104.N) = 1.73 104N. 
The force per bolt is one third this, or 5800 N. 
P3-5 (a) If craft descends with constant speed then net force is zero, so thrust balances weight. 
The weight is then 3260 N. 
(b) If the thrust is 2200 N the net force is 2200 N — 3260N = —1060N. The mass is then 


m = F/a = (—1060 N)/(—0.390 m/s”) = 2720 kg. 
(c) The acceleration due to gravity is g = W/m = (3260 N)/(2720kg) = 1.20 m/s?. 


P3-6 The weight is originally Mg. The net force is originally —Ma. The upward force is then 

originally B = Mg — Ma. The goal is for a net force of (M — m)a and a weight (M — m)g. Then 
(M —m)a= B-—(M—m)g = Mg — Ma-— Mg+ mg = mg — Ma, 

or m = 2Ma/(a+qQ). 


P3-7| (a) Consider all three carts as one system. Then 


S Fy = Metotalaz; 


65N = (3.1kg+24ke+1.2kg)ag, 
0.97 m/s” 


I 


Ay. 
(b) Now choose your system so that it only contains the third car. Then 
So Fr = Fo3 = m3dz = (1.2kg)(0.97 m/s”). 


The unknown can be solved to give Fo3 = 1.2N directed to the right. 
(c) Consider a system involving the second and third carts. Then S> F, = Fiz, so Newton’s law 
applied to the system gives 


Fiz = (m2 + m3)az = (2.4kg + 1.2kg)(0.97 m/s”) = 3.5N. 
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P3-8 (a) F = ma = (45.2kg + 22.8kg + 34.3kg)(1.32m/s?) = 135N. 
(b) Consider only m3. Then F = ma = (34.3kg) (1.32 m/s?) = 45.3 N. 
(c) Consider mz and m3. Then F = ma = (22.8kg + 34.3 kg)(1.32 m/s”) = 75.4N. 


P3-9 (c) The net force on each link is the same, Fret = ma = (0.100 kg) (2.50 m/s?) = 0.250 N. 

(a) The weight of each link is W = mg = (0.100kg) (9.81 m/s”) = 0.981 N. On each link (except 
the top or bottom link) there is a weight, an upward force from the link above, and a downward force 
from the link below. Then Fret = U-D—W. Then U = Fret +W+D = (0.250N)+(0.981 N)+D = 
1.231N + D. For the bottom link D = 0. For the bottom link, U = 1.23N. For the link above, 
U = 1.23N+1.23N = 2.46N. For the link above, U = 1.23N+2.46N = 3.69N. For the link above, 
U =1.23N+3.69N =4.92N. 

(b) For the top link, the upward force is U = 1.23N +4.92N =6.15N. 


P3-10 (a) The acceleration of the two blocks is a = F/(m1+mg2) The net force on block 2 is from 
the force of contact, and is 


P= moa= Fm2/(m, + m2) = (3.2N)(1.2kg)/(2.3kg + 1.2kg) = 1.1N. 


(b) The acceleration of the two blocks is a = F'/(m + mz) The net force on block 1 is from the 
force of contact, and is 


P=ma= Fm,/(m, + mg) = (3.2N)(2.3kg)/(2.3kg + 1.2kg) =2.1N. 


Not a third law pair, eh? 


P3-11| (a) Treat the system as including both the block and the rope, so that the mass of 
the system is M +m. There is one (relevant) force which acts on the system, so )> F, = P. Then 
Newton’s second law would be written as P = (M+m)az,z. Solve this for ay and get ay = P/(M+m). 

(b) Now consider only the block. The horizontal force doesn’t act on the block; instead, there is 
the force of the rope on the block. We'll assume that force has a magnitude R, and this is the only 
(relevant) force on the block, so )> F, = R for the net force on the block.. In this case Newton’s 
second law would be written R = Ma,. Yes, ay, is the same in part (a) and (b); the acceleration of 
the block is the same as the acceleration of the block + rope. Substituting in the results from part 
(a) we find 


M 


= ——P. 
s M+tm 
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E4-1 (a) The time to pass between the plates is t = 2/v, = (2.3 cm) /(9.6x10° cm/s) = 2.4x10~%s. 


(b) The vertical displacement of the beam is then y = ayt?/2 == (9.4 x 10'® em/s*)(2.4 x 
10~°s)?/2 = 0.27 cm. 

(c) The velocity components are v, = 9.6 x 108 cm/s and vy = ayt = (9.4 10!® cm/s”) (2.4 x 
10=%s) =2.3x 10° cm/s: 


E4-2 a= Av/At = —(6.30i — 8.42j)(m/s)/(3s) = (—2.10i + 2.81j) (m/s?). 


E4-3| (a) The velocity is given by 


z= w(t (8A) +3 (C&), 
¥ = (0)+2Btj+ Ck. 


(b) The acceleration is given by 


= § (08) +3 (C8), 
a = (0)+2Bj+(0). 


(c) Nothing exciting happens in the x direction, so we will focus on the yz plane. The trajectory 
in this plane is a parabola. 


E4-4 (a) Maximum x is when vz = 0. Since vg = agt + Vz,0, Vr = 0 when t = —vz0/az = 
—(3.6 m/s) /(—1.2 m/s”) = 3.0s. 

(b) Since vz = 0 we have |¥| = |v,|. But vy = ayt+ vyo = —(1.4m/s)(3.0s) + (0) = —4.2m/s. 
Then |v| = 4.2m/s. 

(c) F = at? /2 + Vot, so 


¥ = [—(0.6 m/s”)i — (0.7 m/s”)j](3.0s)? + [(3.6 m/s)i](3.0s) = (5.4m)i — (6.3m)j. 
E4-5 F=F,+F) = (3.7N)j+ (4.3N)i. Then 4 = F/m = (0.71 m/s?)j + (0.83m/s?)i. 
E4-6 (a) The acceleration is & = F/m = (2.2m/s”)j. The velocity after 15 seconds is ¥ = at + Vo, 


or 


¥ = [(2.2m/s?)j](15s) + [(42 m/s)i] = (42m/s)i + (33 m/s)j. 
(b) r = at? /2 4+ Vot, so 


F = [(1.1 m/s”)j](15s)? + [(42 m/s)i](15s) = (630 m)i + (250m)j. 


E4-7| The block has a weight W = mg = (5.1 kg)(9.8 m/s”) = 50 N. 

(a) Initially P = 12 N, so P, = (12.N) sin(25°) = 5.1 N and P, = (12) cos(25°) = 11 N. Since 
the upward component is less than the weight, the block doesn’t leave the floor, and a normal force 
will be present which will make }* F, = 0. There is only one contribution to the horizontal force, 
so )> F, = P,. Newton’s second law then gives a, = P,/m = (11 N)/(5.1 kg) = 2.2 m/s?. 

(b) As P is increased, so is Py; eventually P, will be large enough to overcome the weight of the 
block. This happens just after P, = W = 50 N, which occurs when P = P,/sin@ = 120 N. 

(c) Repeat part (a), except now P = 120 N. Then P, = 110 N, and the acceleration of the block 
iS. =P of 22 m/s". 
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E4-8 (a) The block has weight W = mg = (96.0kg)(9.81 m/s”) = 942N. P, = (450 N) cos(38°) = 
355 N; Py, = (450N) sin(38°) = 277N. Since Py, < W the crate stays on the floor and there is a 
normal force N = W — P,. The net force in the « direction is F, = P, — (125N) = 230N. The 
acceleration is az = F,/m = (230N)/(96.0kg) = 2.40 m/s?. 

(b) The block has mass m = W/g = (96.0N)/(9.81 m/s?) = 9.79ke. P, = (450N) cos(38°) = 
355N; Py, = (450N)sin(388°) = 277N. Since Py > W the crate lifts off of the floor! The net 
force in the x direction is F,, = P, — (125N) = 230N. The « acceleration is a, = F,/m = 
(230 N)/(9.79kg) = 23.5m/s?. The net force in the y direction is F, = P, —-W = 181N. The y 
acceleration is ay = F/m = (181N)/(9.79kg) = 18.5 m/s”. Wow. 


E4-9 Let y be perpendicular and zx be parallel to the incline. Then P = 4600 N; 
P,, = (4600 N) cos(27°) = 4100 N; 


P,, = (4600 N) sin(27°) = 2090N. 
The weight of the car is W = mg = (1200 kg)(9.81 m/s”) = 11800N; 


W,, = (11800 N) sin(18°) = 3650 N; 


W,, = (11800 N) cos(18°) = 11200N. 


Since W, > Py, the car stays on the incline. The net force in the x direction is F; = P, -W,z, = 450N. 
The acceleration in the x direction is a, = F,/m = (450N)/(1200kg) = 0.375 m/s*. The distance 
traveled in 7.58 is x = a,t?/2 = (0.375 m/s”)(7.5s)?/2 = 10.5m. 


E4-10 Constant speed means zero acceleration, so net force is zero. Let y be perpendicular and x be 
parallel to the incline. The weight is W = mg = (110kg)(9.81 m/s?) = 1080N; W, = W sin(34°); 
W, = Wcos(34°). The push F has components F, = F'cos(34°) and Fy = —Fsin(34°). The 
y components will balance after a normal force is introduced; the x components will balance if 
F, = W,, or F = W tan(34°) = (1080 N) tan(34°) = 730N. 


E4-11| If the x axis is parallel to the river and the y axis is perpendicular, then a = 0.12% m/s”. 
The net force on the barge is 


S| F = ma = (9500 kg)(0.12im/s?) = 1100iN 


The force exerted on the barge by the horse has components in both the x and y direction. If 
= 7900 N is the magnitude of the pull and 6 = 18° is the direction, then P = Pcos i+ Psin 6j = 
eu + 2400j) N 
Let the force exerted on the barge by the water be F, = Fist + ane Then >> F, = (7500 
N)+ Fu,2 and > Fy = (2400 N) + Fu,y. But we already found 5° F, so 


F,=1100N = 7500N+ Fy. 
F,=0 = 2400N+ Fy, 


Solving, Fy. = —6400 N and F,,, = —2400 N. The magnitude is found by Fy, = qf Pack + ea = 
6800 N. 
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E4-12 (a) Let y be perpendicular and « be parallel to the direction of motion of the plane. 
Then W, = mgsin6; W, = mgcos6; m = W/g. The plane is accelerating in the x direction, so 
dy = 2.62 m/s”; the net force is in the x direction, where F, = ma,. But F, = T — W,z, so 


(2.62 m/s?) 


aT! 4 gin(27°)| = 5.72 104N. 
(Oamey . 


T= F,+W,=W +Wsin6 = (7.93x104N) 
g 


(b) There is no motion in the y direction, so 


L = W, = (7.93 x 104N) cos(27°) = 7.07 x 104N. 


E4-13]| (a) The ball rolled off horizontally so vp, = 0. Then 


= t— Xgt? 
Y = VOy 94 ’ 
1 
(—4.23 ft) = (O)t— 5(32.2 fs F, 
which can be solved to yield t = 0.514 s. 
(b) The initial velocity in the x direction can be found from x = vozt; rearranging, vor = 2/t = 


(5.11 ft)/(0.514 s) = 9.94 ft/s. Since there is no y component to the velocity, then the initial speed 
is Up = 9.94 ft/s. 


E4-14 The electron travels for a time t = 2/v,. The electron “falls” vertically through a distance 
y = —gt?/2 in that time. Then 


i= =) (< Y > es (ies) See ae 


E4-15 (a) The dart “falls” vertically through a distance y = —gt?/2 = —(9.81 m/s”)(0.19s)?/2 = 
—0.18 m. 
(b) The dart travels horizontally x = vzt = (10 m/s)(0.19s) = 1.9m. 


E4-16 The initial velocity components are 
Uz,0 = (15 m/s) cos(20°) = 14m/s 


and 
Vy,o = —(15 m/s) sin(20°) = —5.1m/s. 
(a) The horizontal displacement is x = v,t = (14m/s)(2.3s) = 32m. 
(b) The vertical displacement is 


y = —gt? /2 + vy ot = —(9.81 m/s”) (2.38)?/2 + (—5.1 m/s) (2.38) = —38m. 


E4-17| Find the time in terms of the the initial y component of the velocity: 


Vy = Voy gt, 
(0) — Voy = gt, 
t = Uy/9. 
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Use this time to find the highest point: 


1 2 
i Yoyt — 59 
2 
oe “ts ) 50(2) 
y = Voy|—]—59\—)] > 
_ by 
= aq 


Finally, we know the initial y component of the velocity from Eq. 2-6, so Ymax = (vo sin dbo)° /2g. 


E4-18 The horizontal displacement is = v,t. The vertical displacement is y = —gt?/2. Combin- 
ing, y = —g(a/vz)?/2. The edge of the nth step is located at y = —nw, x = nw, where w = 2/3 ft. 
If |y| > nw when x = nw then the ball hasn’t hit the step. Solving, 
g(nw/v,)?/2 << nw, 
gnw/v2 <2, 
n < 2v2/(gw) = 2(5.0 ft/s)?/[(32 ft/s”)(2/3 ft)] = 2.34. 


Then the ball lands on the third step. 


E4-19 (a) Start from the observation point 9.1 m above the ground. The ball will reach the 
highest point when vy = 0, this will happen at a time ¢ after the observation such that t = vy,o/g = 
(6.1 m/s)/(9.81 m/s?) = 0.628. The vertical displacement (from the ground) will be 


y = —gt?/2 + vy ot + yo = —(9.81 m/s”) (0.628)? /2 + (6.1 m/s) (0.628) + (9.1m) = 11m. 


(b) The time for the ball to return to the ground from the highest point is t = V/2ymax/g = 
\/2(11m)/(9.81 m/s?) = 1.5s. The total time of flight is twice this, or 3.0 s. The horizontal distance 
traveled is x = vyt = (7.6 m/s)(3.0s) = 23m. 

(c) The velocity of the ball just prior to hitting the ground is 


¥ = at + Vo = (—9.81 m/s?) j(1.5s) + (7.6m/s)i = 7.6 m/si — 15m/suj. 
The magnitude is V7.6? + 15?(m/s) = 17m/s. The direction is 


6 = arctan(—15/7.6) = —63°. 


E4-20 Focus on the time it takes the ball to get to the plate, assuming it traveled in a straight 
line. The ball has a “horizontal” velocity of 135 ft/s. Then t = x/vz = (60.5 ft) /(135 ft/s) = 0.448 s. 
The ball will “fall” a vertical distance of y = —gt?/2 = —(32 ft/s”)(0.448 s)?/2 = —3.2 ft. That’s in 
the strike zone. 


E4-21 Since R «x 1/g one can write Ro/R, = gi/ge, or 


(9.7999 m/s?) 


Ree P| S406 orth 
(9.8128 m/s”) se 


AR Rs = Ree: (:-2) = (8.09 m) 1 - 
2 
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E4-22 If initial position is fy = 0, then final position is F = (13 ft)i+ (3 ft)j. The initial velocity 
is Vo = vcoséi+ vsin6j. The horizontal equation is (13 ft) = vcos6t; the vertical equation is 
(3 ft) = —(g/2)t? + vsin@t. Rearrange the vertical equation and then divide by the horizontal 
equation to get 
3 ft + (g/2)t? 
eS SESE at 
(13 ft) oer 


" t? = [(13 ft) tan(55°) — (3 ft)|[2/(32 m/s)] = 0.973s?, 
or t = 0.986s. Then v = (13 ft) /(cos(55°)(0.986s)) = 23 ft/s. 


E4-23 v, = x/t = (150 ft)/(4.50s) = 33.3 ft/s. The time to the highest point is half the hang 
time, or 2.25s. The vertical speed when the ball hits the ground is vy = —gt = —(32 ft /s”)(2.25s) = 
72.0 ft/s. Then the initial vertical velocity is 72.0 ft/s. The magnitude of the initial velocity is 
V/72? + 337(ft/s) = 79 ft/s. The direction is 


6 = arctan(72/33) = 65°. 


E4-24 (a) The magnitude of the initial velocity of the projectile is v = 264 ft/s. The projectile 
was in the air for a time t where 


pa M2, (2300 ft) 


— —=| 9.8 . 
Uz  ucos@ (264 ft/s) cos(—27°) : 


(b) The height of the plane was —y where 
—y = gt? /2 — vy ot = (32 ft/s)(9.8s)?/2 — (264 ft/s) sin(—27°)(9.8s) = 2700 ft. 


E4-25| Define the point the ball leaves the racquet as F = 0. 
(a) The initial conditions are given as vp; = 23.6 m/s and up, = 0. The time it takes for the ball 
to reach the horizontal location of the net is found from 


c= Voxt, 
(12m) = (23.6 m/s), 
ie =-# 


Find how far the ball has moved horizontally in this time: 


1 
y = Voyt — 5a = (0)(0.51 s) — =(9.8 m/s”)(0.51 s)? = —1.3 m. 


1 
2 
Did the ball clear the net? The ball started 2.37 m above the ground and “fell” through a distance 
of 1.3 m by the time it arrived at the net. So it is still 1.1 m above the ground and 0.2 m above the 
net. 
(b) The initial conditions are now given by voz = (23.6 m/s) (cos[—5.0°]) = 23.5 m/s and wpy = 
(23.6 m/s)(sin[—5.0°]) = —2.1 m/s. Now find the time to reach the net just as done in part (a): 
t = 2/Voz = (12.0 m)/(23.5 m/s) = 0.51 s. 


Find the vertical position of the ball when it arrives at the net: 


1 
Yy = Uoyt — aot = (—2.1 m/s) (0.51 s) — =(9.8 m/s”)(0.51 s)? = —2.3 m. 


1 
ae 
Did the ball clear the net? Not this time; it started 2.37 m above the ground and then passed the 
net 2.3 m lower, or only 0.07 m above the ground. 
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E4-26 The initial speed of the ball is given by v = /gR = (32 ft/s”) (350 ft) = 106 ft/s. The 
time of flight from the batter to the wall is 


t = 2/vz = (320 ft)/[(106 ft/s) cos(45°)] = 4.38. 
The height of the ball at that time is given by y = yo + voyt — $ gt”, or 
y = (4 ft) + (106 ft/s) sin(45°)(4.3s) — (16 ft/s”)(4.3s)? = 31 ft, 


clearing the fence by 7 feet. 


E4-27 The ball lands « = (358 ft) + (39 ft) cos(28°) = 392 ft from the initial position. The ball 
lands y = (39 ft) sin(28°) — (4.60 ft) = 14 ft above the initial position. The horizontal equation 
is (392 ft) = ucos Ot; the vertical equation is (14 ft) = —(g/2)t? + usin #t. Rearrange the vertical 
equation and then divide by the horizontal equation to get 


14 ft + (g/2)¢? 


= tan 
(392 ft) mab: 


" t? = [(392 ft) tan(52°) — (14 ft)][2/(32 m/s”)] = 30.5s?, 


or t = 5.528. Then v = (392 ft) /(cos(52°)(5.52s)) = 115 ft/s. 


E4-28 Since ball is traveling at 45° when it returns to the same level from which it was thrown 
for maximum range, then we can assume it actually traveled + 1.6m. farther than it would have 
had it been launched from the ground level. This won’t make a big difference, but that means that 
R= 60.0m — 1.6m = 58.4m. If vo is initial speed of ball thrown directly up, the ball rises to the 
highest point in a time t = vo/g, and that point is ymax = gt?/2 = vi /(2g) above the launch point. 
But vi = gR, so Ymax = R/2 = (58.4m)/2 = 29.2m. To this we add the 1.60m point of release to 
get 30.8m. 


E4-29| The net force on the pebble is zero, so }) Fy = 0. There are only two forces on the 
pebble, the force of gravity W and the force of the water on the pebble Fpy. These point in 
opposite directions, so 0 = Few — W. But W = mg = (0.150 kg)(9.81 m/s?) = 1.47 N. Since 
Fpw = W in this problem, the force of the water on the pebble must also be 1.47 N. 


E4-30 Terminal speed is when drag force equal weight, or mg = buy”. Then vp = \/mg/b. 


B4-31| Eq. 4-22 is 


vy(t) = vp (1 _ etl) ; 


where we have used Eq. 4-24 to substitute for the terminal speed. We want to solve this equation 
for time when v,(t) = vr/2, so 


=UT (1 i eum) ; 


_ 
p= (em), 


e7bt/m fT, 
bt/m = —1n(1/2) 
t= Fln2 
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E4-32 The terminal speed is 7m/s for a raindrop with r = 0.15 cm. The mass of this drop is 
m = Arpr? /3, so 


-3 3 3 2S 
ba 9 4r(1.0x 107-°kg/cm”)(0.15 cm)? (9.81 m/s*) = 2.0x 10->ke/s. 
UT 3(7m/s) 


E4-33 (a) The speed of the train is v = 9.58m/s. The drag force on one car is f = 243(9.58) N = 
2330N. The total drag force is 23(2330 N) = 5.36x104N. The net force exerted on the cars (treated 
as a single entity) is F = ma = 23(48.6x10°kg) (0.182 m/s”) = 2.03x10°N. The pull of the locomotive 
is then P = 2.03x10°N + 5.36 x 104N = 2.57 x 10°N. 

(b) If the locomotive is pulling the cars at constant speed up an incline then it must exert a 
force on the cars equal to the sum of the drag force and the parallel component of the weight. The 
drag force is the same in each case, so the parallel component of the weight is Wj) = Wsin@ = 
2.03 x 10°N = ma, where a is the acceleration from part (a). Then 


§ = arcsin(a/g) = arcsin[(0.182 m/s”) /(9.81 m/s”)] = 1.06°. 


E4-34 (a) a= v?/r = (2.18x 10m/s)?/(5.29 x 10-!m) = 8.98 x 10?2m/s?. 
(b) F = ma = (9.11 x 1073!kg) (8.98 x 10??m/s?) = 8.18 x 10~5N, toward the center. 


E4-35| (a) v= /rac = V6.2 m)(6.8)(9.8 m/s”) = 19 m/s. 


(b) Use the fact that one revolution corresponds to a length of 2ar: 


m 1 rev 60 s rev 
1 235. 
: s cere —) (; =.) ae 


E4-36 (a) v = 2ar/T = 2n(15m)/(12s) = 7.85m/s. Then a = v?/r = (7.85m/s)?/(15m) = 
4.11m/s?, directed toward center, which is down. 

(b) Same arithmetic as in (a); direction is still toward center, which is now up. 

(c) The magnitude of the net force in both (a) and (b) is F = ma = (75 kg) (4.11 m/s?) = 310N. 
The weight of the person is the same in both parts: W = mg = (75kg)(9.81m/s”) = 740N. At 
the top the net force is down, the weight is down, so the Ferris wheel is pushing up with a force of 
P=W — F = (740N) — (310N) = 430N. At the bottom the net force is up, the weight is down, so 
the Ferris wheel is pushing up with a force of P = W + F = (740N) + (310N) = 1050N. 


E4-37 (a) v = 2ar/T = 2n(20x10%m)/(1.0s) = 1.26x 10°m/s. 
(b) a = v?/r = (1.26 x 10°m/s)?/(20 x 108m) = 7.9 x 10°m/s?. 


E4-38 (a) v = 2rr/T = 27(6.37 x 10°m)/(86400s) = 463m/s. a = v?/r = (463m/s)?/(6.37 x 
10m) = 0.034 m/s?. 

(b) The net force on the object is F = ma = (25.0kg) (0.034 m/s”) = 0.85 N. There are two forces 
on the object: a force up from the scale (9), and the weight down, W = mg = (25.0kg)(9.80 m/s?) = 
245N. Then S= F+W = 245N + 0.85 N = 246N. 


E4-39| Let Av = 15 m be the length; t,, = 90 s, the time to walk the stalled Escalator; t, = 60 
s, the time to ride the moving Escalator; and t,,, the time to walk up the moving Escalator. 

The walking speed of the person relative to a fixed Escalator is v,»e = Axv/ty; the speed of the 
Escalator relative to the ground is veg = Az/ts; and the speed of the walking person relative to the 


46 


ground on a moving Escalator is vw», = Ax/t. But these three speeds are related by vyg = UwetVeg: 
Combine all the above: 


Uwg = Vwe + Veg, 
Ax _ Agr Az 
tig tae 
De. oe 
fn bee be 


Putting in the numbers, t,, = 36 s. 


E4-40 Let vy be the walking speed, vs be the sidewalk speed, and vm = vw + vs be Mary’s speed 
while walking on the moving sidewalk. All three cover the same distance x, so v; = «/t;, where i is 
one of w, s, or m. Put this into the Mary equation, and 


1/tm = 1/tw +1/ts = 1/(150s) + 1/(70s) = 1/485. 


E4-41 If it takes longer to fly westward then the speed of the plane (relative to the ground) 
westward must be less than the speed of the plane eastward. We conclude that the jet-stream must 
be blowing east. The speed of the plane relative to the ground is ve = vp + v; when going east and 
Uw = Up — vj when going west. In either case the distance is the same, so x = v;t;, where 7 is e or 
w. Since ty — te is given, we can write 


x x 20; 


x 

Up — Vj Up + Vj Up 

Solve the quadratic if you want, but since v; < vp we can neglect it in the denominator and 
vj = Vp?(0.83 h)/(2x) = (600 mi/h)?(0.417 h) /(2700 mi) = 56 mi/hr. 


E4-42 The horizontal component of the rain drop’s velocity is 28m/s. Since v; = vsind, v = 
(28 m/s)/sin(64°) = 31 m/s. 


E4-43]| (a) The position of the bolt relative to the elevator is ype, the position of the bolt relative 
to the shaft is yp;, and the position of the elevator relative to the shaft is yes. Zero all three positions 
at t = 0; at this time v0.95 = Vo,es = 8.0 ft/s. 

The three equations describing the positions are 


1 2 
Ybs = V0,bst ae 9 ; 
1 2 
Yes. = Vo,est + rhe > 
Ube +Tes = Tbs 


where a = 4.0 m/s? is the upward acceleration of the elevator. Rearrange the last equation and 
solve for Yve; get Yoe = —i(g + alr; where advantage was taken of the fact that the initial velocities 
are the same. 

Then 


t= —2ype/(g +a) = -2(-9.0 ft) /(32 ft/s? + 4 ft/s”) = 0.71s 


(b) Use the expression for yp, to find how the bolt moved relative to the shaft: 


(32 ft/s”)(0.71 s)? = —2.4 ft. 


1 i 
Yos = Vo,bat — 5g = (8.0 ft)(0.71 s) — ; 


AT 


E4-44 The speed of the plane relative to the ground is upg = (810 km)/(1.9 h) = 426 km/h. The 
velocity components of the plane relative to the air are vy = (480 km/h) cos(21°) = 448 km/h and 
vg = (480 km/h) sin(21°) = 172 km/h. The wind must be blowing with a component of 172 km/h 
to the west and a component of 448 — 426 = 22 km/h to the south. 


E4-45 (a) Let i point east and j point north. The velocity of the torpedo is ¥ = (50 km/h)isin @+ 
(50 km/h)jcos@. The initial coordinates of the battleship are then Fo = (4.0 km)isin(20°) + 
(4.0 km)j cos(20°) = (1.37 km)i+ (3.76 km)j. The final position of the battleship is # = (1.37 km+ 
24 km/ht)i + (3.76 km)j, where ¢ is the time of impact. The final position of the torpedo is the 
same, so 


(50 km/h)isin 6 + (50 km/h)jcos 6]t = (1.37 km + 24 km/ht)i + (3.76 km)j, 


or 


[((50 km/h) sin 6]t — 24 km/ht = 1.37 km 


and 
((50 km/h) cos 6]t = 3.76 km. 


Dividing the top equation by the bottom and rearranging, 
50 sin @ — 24 = 18.2cos 6. 


Use any trick you want to solve this. I used Maple and found @ = 46.8°. 
(b) The time to impact is then t = 3.76 km/[(50 km/h) cos(46.8°)] = 0.110 h, or 6.6 minutes. 


P4-1) Let 4 be the position of particle of particle A, and rg be the position of particle B. The 
equations for the motion of the two particles are then 


Fa = foat+ve, 
a dj + vti; 
~ 1 
rp = 5 at’, 
1 . : sN5D 
= 5 a(sin 61 + cos 6j)t ; 


A collision will occur if there is a time when r4 = rg. Then 
. reel . . 
dj + vti = 5a(sin i + cos 0j)t”, 
but this is really two equations: d= jat? cos 6 and vt = dat? sind. 


Solve the second one for t and get t = 2v/(asin@). Substitute that into the first equation, and 
then rearrange, 


1 
d = gat” cos, 
1 Qu \? 
d=! = 0 
(<5 caries 
2 2v 
sin“? = —cos8, 
ad 
Qy2 
1—cos?9 = oe oa. 
ad 
22 
0 = cos? 6 + cos — 1. 
ad 
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This last expression is quadratic in cos @. It simplifies the solution if we define b = 2u/(ad) = 2(3.0 
m/s)2/([0.4 m/s?][30 m]) = 1.5, then 


_p+./p2 
cos 8 = ave sae 0.75 + 1.25. 


Then cos @ = 0.5 and 6 = 60°. 


P4-2 (a) The acceleration of the ball is 4 = (1.20 m/s?)i — (9.81 m/s?)j. Since & is constant the 
trajectory is given by F = at?/2, since Vo = 0 and we choose fo = 0. This is a straight line trajectory, 
with a direction given by a. Then 


6 = arctan(9.81/1.20) = 83.0°. 


and R = (39.0m)/tan(83.0°) = 4.79 m. It will be useful to find H = (39.0 m)/sin(83.0°) = 39.3 m. 
(b) The magnitude of the acceleration of the ball is a = 9.812 + 1.202(m/s?) = 9.88 m/s”. The 
time for the ball to travel down the hypotenuse of the figure is then t = ,/2(39.3m)/(9.88 m/s?) = 
2.828. 
(c) The magnitude of the speed of the ball at the bottom will then be 


v = at = (9.88 m/s”)(2.82s) = 27.9 m/s. 


P4-3 (a) The rocket thrust is T = (61.2 kN) cos(58.0°)i + (61.2 kN) sin(58.0°)i = 32.4 kNi + 
51.9 kNj. The net force on the rocket is the F = T + Ww, or 


F = 32.4 kNi + 51.9 kNj — (3030kg)(9.81 m/s”)j = 32.4 kNi + 22.2 kNj. 
The acceleration (until rocket cut-off) is this net force divided by the mass, or 
& = 10.7m/s7i + 7.33m/s?j. 
The position at rocket cut-off is given by 


F = at?/2 = (10.7m/s?i + 7.33m/s?j)(48.0s)?/2, 
1.23 x 104mi + 8.44 x 102m). 


The altitude at rocket cut-off is then 8.44 km. 
(b) The velocity at rocket cut-off is 


¥ = at = (10.7m/s?i + 7.33m/s7j) (48.08) = 514 m/si + 352 m/s}, 


this becomes the initial velocity for the “free fall” part of the journey. The rocket will hit the ground 
after t seconds, where t is the solution to 


0 = —(9.81 m/s”)t?/2 + (352m/s)t + 8.44 10° m. 


The solution is t = 90.7s. The rocket lands a horizontal distance of « = v,t = (514m/s)(90.7s) = 
4.66x104 m beyond the rocket cut-off; the total horizontal distance covered by the rocket is 46.6 km+ 
12.3 km = 58.9 km. 
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P4-4 (a) The horizontal speed of the ball is v; = 135 ft/s. It takes 
t = x/vy = (30.0 ft)/(135 ft/s) = 0.2228 


to travel the 30 feet horizontally, whether the first 30 feet, the last 30 feet, or 30 feet somewhere in 
the middle. 

(b) The ball “falls” y = —gt?/2 = —(32 ft/s”)(0.222s)?/2 = —0.789 ft while traveling the first 
30 feet. 

(c) The ball “falls” a total of y = —gt?/2 = —(32 ft/s”)(0.444s)?2/2 = —3.15 ft while traveling 
the first 60 feet, so during the last 30 feet it must have fallen (—3.15 ft) — (—0.789 ft) = —2.36 ft. 

(d) The distance fallen because of acceleration is not linear in time; the distance moved horizon- 
tally is linear in time. 


P4-5 (a) The initial velocity of the ball has components 
Ve,0 = (25.3 m/s) cos(42.0°) = 18.8m/s 


and 
Vy,o = (25.3 m/s) sin(42.0°) = 16.9 m/s. 


The ball is in the air for t = x/v, = (21.8m)/(18.8 m/s) = 1.16s before it hits the wall. 
(b) y = —gt?/2 + vy,ot = —(4.91 m/s?) (1.168)? + (16.9m/s)(1.16s) = 13.0m. 
(c) Vz = Uz,9 = 18.8m/s. vy = —gt + Vvy,o = —(9.81 m/s”) (1.168) + (16.9 m/s) = 5.52 m/s. 
(d) Since vy > 0 the ball is still heading up. 


P4-6 (a) The initial vertical velocity is vy,o = vo sin go. The time to the highest point is t = vy.o/g. 
The highest point is H = gt?/2. Combining, 


H = (ug sin $9/9)*/2 = vp sin” ¢0/(2g). 
The range is R = (v)/g) sin 2¢9 = 2(v2/g) sin do cos do. Since tan = H/(R/2), we have 


2H wesin?do/g 1 
ee R — 2v2/g)sindocosdo 2 aoe 


(b) @ = arctan(0.5tan 45°) = 26.6°. 


P4-7| The components of the initial velocity are given by vo, = vocos@ = 56 ft/s and voy = 
vo sin 0 = 106 ft/s where we used vp = 120 ft/s and 0 = 62°. 
(a) To find h we need only find out the vertical position of the stone when t = 5.5 s. 


1 
Y = Upyt — sot = (106 ft/s)(5.5 s) — —(32 ft/s”)(5.5 s)? = 99 ft. 


ae 
2 
(b) Look at this as a vector problem: 
Vo= vo+at, 

= (von + vou) S git, 

= eit (voy — gt) 3, 

= (56 ft/s)i+ ((106 ft/s — (32 ft/s*)(5.5 8) 3, 

= (56 ft/s)i + (—70.0 ft/s)j. 
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The magnitude of this vector gives the speed when t = 5.5 s; vu = \/56? + (—70)? ft/s= 90 ft/s. 
(c) Highest point occurs when v, = 0. Solving Eq. 4-9(b) for time; vy = 0 = voy — gt = 
(106 ft/s) — (32 ft/s”)t; t = 3.31 s. Use this time in Eq. 4-10(b), 


1 
Y = Voyt — aot = (106 ft/s)(3.31 s) — =(32 ft/s*)(3.31 s)? = 176 ft. 


1 
2 


P4-8 (a) Since R = (vZ/g)sin2¢o, it is sufficient to prove that sin2¢9 is the same for both 
sin 2(45° + a) and sin 2(45° — a). 


sin 2(45° + a) = sin(90° + 2a) = cos(42a) = cos(2a). 


Since the + dropped out, the two quantities are equal. 
(b) do = (1/2) aresin(Rg/v2) = (1/2) arcsin((20.0 m)(9.81 m/s”) /(30.0 m/s)?) = 6.3°. The other 
choice is 90° — 6.3° = 83.7°. 


P4-9| To score the ball must pass the horizontal distance of 50 m with an altitude of no less than 
3.44 m. The initial velocity components are vg, = Vp cos@ and voy = vo Sin @ where vp = 25 m/s, 
and @ is the unknown. 

The time to the goal post is t = x/voz = x/(vo cos 6). 
The vertical motion is given by 


1 5 x 1 x : 
a ip 
Yoyt — at yee \(—45) a? (—,) 


sin@ gz? 1 


« 
| 


x : 
cos@ 2g cos? 0 
In this last expression y needs to be greater than 3.44 m. In this last expression use 


if 1 cos? @ 1 — cos? 6 : sin’ ned 
== = a => — => n 7 
cos? 6 cos? @ cos? 6 cos? 6 cos? 6 


This gives for our y expression 
gx” 
y = xtand — — (tan? 6+ 1) F 
2U0 


which can be combined with numbers and constraints to give 

(9.8 m/s”)(50 m)? 
2(25 m/s)? 

50 tan 6 — 20 (tan? +1), 

—20 tan? 6 + 50 tan dé — 23 


(3.44m) < (50 m)tané (tan? 6 +1), 


3.44 
0 


IN IA 


Solve, and tan @ = 1.25 + 0.65, so the allowed kicking angles are between 0 = 31° and 0 = 62°. 


P4-10 (a) The height of the projectile at the highest point is H = Lsin@. The amount of time 
before the projectile hits the ground is t = J/ 2H/g = J 2L sin 6/g. The horizontal distance covered 
by the projectile in this time is x = vzt = vi\/2Lsin@/g. The horizontal distance to the projectile 
when it is at the highest point is 2’ = Lcos@. The projectile lands at 


D=2-2' =v\/2Lsin6/g — Loos 6. 


(b) The projectile will pass overhead if D > 0. 
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P4-11 v* =v;+0,. For a projectile vz is constant, so we need only evaluate d?(v7) /dt?. The first 
derivative is 2u, du, /dt = —2v,g. The derivative of this (the second derivative) is —2g dv, /dt = 2g?. 
2 


P4-12 |r| is a maximum when r? is a maximum. r? = x? + y’, or 


r? = (vz,ot)” + (—gt?/2 + vy,0t)”, 
(vot cos do)* + (vot sin dg — gt? /2)° ; 
= vet? — uogt® sin do + g°t* /4. 


We want to look for the condition which will allow dr?/dt to vanish. Since 
dr? /dt = 2ugt — 3upgt? sin do + g?t? 
we can focus on the quadratic discriminant, b? — 4ac, which is 
9veg? sin? bo — 8veg7, 
a quantity which will only be greater than zero if 9 sin? ¢p > 8. The critical angle is then 


ge = arcsin(,/8/9) = 70.5°. 


P4-13| There is a downward force on the balloon of 10.8 kN from gravity and an upward force 
of 10.3 kN from the buoyant force of the air. The resultant of these two forces is 500 N down, but 
since the balloon is descending at constant speed so the net force on the balloon must be zero. This 
is possible because there is a drag force on the balloon of D = bv”, this force is directed upward. 
The magnitude must be 500 N, so the constant b is 


(500 N) 


oe (1.88 m/s)? 


= 141 kg/m. 


If the crew drops 26.5 kg of ballast they are “lightening” the balloon by 
(26.5 kg)(9.81 m/s”) = 260N. 


This reduced the weight, but not the buoyant force, so the drag force at constant speed will now be 
500 N — 260 N = 240N. 
The new constant downward speed will be 


v = /D/b = V/(240N)/(141 kg/m) = 1.30m/s. 
P4-14 The constant b is 
b = (500 N) /(1.88 m/s) = 266N -s/m. 
The drag force after “lightening” the load will still be 240 N. The new downward speed will be 


v = D/b = (240N)/(266 N - s/m) = 0.902m/s. 


P4-15 (a) Initially vp = 0, so D = 0, the only force is the weight, so a = —g. 

(b) After some time the acceleration is zero, then W = D, or bu? = mg, or vp = \/mg/b. 

(c) When v = vy/2 the drag force is D = buyp?/4 = mg/4, so the net force is F = D—-W = 
—3mg/4. The acceleration is the a = —3g/4. 
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P4-16 (a) The net force on the barge is F = —D = —bv, this results in a differential equation 
mdv/dt = —bv, which can be written as 


dv/v = —(b/m)dt, 
[ere = =(6/m) | at 
In(v¢/v;) = —bt/m. 


Then t = (m/b) In(vi/ve). 
(b) t = [(970 kg) /(68 N - s/m)] 1In(32/8.3) = 19s. 


P4-17| (a) The acceleration is the time derivative of the velocity, 


2 


i= ay _ “ (= (1 ge) _ Te Sethe 


which can be simplified as ay = get! ™. For large t this expression approaches 0; for small t the 
exponent can be expanded to give 


where in the last line we made use of Eq. 4-24. 
(b) The position is the integral of the velocity, 


fine = [GE0-ewm)) a 


0 
"dy mg : 
dt = —2(t-(— b ee) | 
at = PE -Cmbe™)|,, 


[iu = on (t+ “(ere —1)), 
y= on (+4 92 (eer —1) 


P4-18 (a) We have v, = vr(1 — e~°/™) from Eq. 4-22; this can be substituted into the last line 
of the solution for P4-17 to give 
v 
Yos = UT (.- ‘x . 
g 


We can also rearrange Eq. 4-22 to get t = —(m/b) In(1 — v,/vr), so 


Vy 


yos = or" /g (- In(1 — vy/vr) — “) 


UT 
But vy/vr = 0.95, so 
yos = vr? /g (—1n(0.05) — 0.95) = vp? /g (In 20 — 19/20). 
(b) yos = (42 m/s)?/(9.81 m/s”) (2.05) = 370 m. 
P4-19 (a) Convert units first. v = 86.1m/s, a = 0.05(9.81 m/s?) = 0.491m/s?. The minimum 


radius is r = v/a = (86.1m/s) /(0.491 m/s?) = 15 km. 
(b) v = Jar = \/(0.491 m/s?) (940 m) = 21.5m/s. That’s 77 km/hr. 
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P4-20 (a) The position is given by # = Rsinwti+R(1—coswt)j, where w = 27/(20s) = 0.31487! 
and R = 3.0m. When t = 5.0s # = (3.0m)i-+ (3.0m)j; when t = 7.58 F = (2.1m)i+ (5.1m)j; 
when t = 10s r = (6.0 m)j. These vectors have magnitude 4.3m, 5.5m and 6.0m, respectively. The 
vectors have direction 45°, 68° and 90° respectively. 

(b) Av = (—3.0m)i+ (3.0m)j, which has magnitude 4.3m and direction 135°. 

(c) Vay = Ar/At = (4.3m)/(5.0s) = 0.86 m/s. The direction is the same as Ar. 

(d) The velocity is given by ¥ = Rw coswti+ Rwsinwtj. At t =5.0s ¥ = (0.94m/s)j; at t = 10s 
¥ = (—0.94m/s)i. 

(ec) The acceleration is given by 4 = —Rw? sinwti+ Rw? coswtj. At t = 5.0s 4 = (—0.30m/s?)i; 
at t = 10s a = (—0.30 m/s?)j. 


P4-21| Start from where the stone lands; in order to get there the stone fell through a vertical 
distance of 1.9 m while moving 11 m horizontally. Then 


1 —2 
y= =o which can be written as t= ,/——“. 
g 
Putting in the numbers, t = 0.62s is the time of flight from the moment the string breaks. From 
this time find the horizontal velocity, 


xz (11m) 
= > = Oo 18 3. 
eae 
Then the centripetal acceleration is 
v2 (18m/s) 
ear — 2 2 
a - (1.4m) 30m/s 


P4-22 (a) The path traced out by her feet has circumference cy = 2mrcos50°, where r is the 
radius of the earth; the path traced out by her head has circumference cz = 27(r + h) cos 50°, where 
h is her height. The difference is Ac = 27h cos 50° = 27(1.6m) cos 50° = 6.46 m. 

(b) a= v?/r = (Qar/T)?/r = 4n?r/T?. Then Aa = 4n?Ar/T?. Note that Ar = hcos 6! Then 


Aa = 4n7(1.6 m) cos 50° /(86400s)? = 5.44x 107°m/s?. 


P4-23] (a) A cycloid looks something like this: 


OO 


(b) The position of the particle is given by 


F = (Rsinwt + wRt)it (Rcoswt + R)j. 


The maximum value of y occurs whenever coswt = 1. The minimum value of y occurs whenever 
coswt = —1. At either of those times sin wt = 0. 
The velocity is the derivative of the displacement vector, 
¥ = (Rw coswt + wR)i+ (—Rw sinwt)j. 
When y is a maximum the velocity simplifies to 


¥ = (QwR)i+ (0)j. 
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When y is a minimum the velocity simplifies to 


Vv = (0)i+ (0)j. 
The acceleration is the derivative of the velocity vector, 
& = (—Rw? sinwt)i + (—Rw? coswt)j. 
When y is a maximum the acceleration simplifies to 
a = (0)i+ (—Rw)j. 
When y is a minimum the acceleration simplifies to 
a= (0)i+ (Rw?)j. 


P4-24 (a) The speed of the car is ve = 15.3m/s. The snow appears to fall with an angle 0 = 
arctan(15.3/7.8) = 63°. 
(b) The apparent speed is \/(15.3)? + (7.8)?(m/s) = 17.2 m/s. 


P4-25 (a) The decimal angles are 89.994250° and 89.994278°. The earth moves in the orbit 
around the sun with a speed of v = 2.98x104m/s (Appendix C). The speed of light is then between 
c = (2.98 x 104m/s) tan(89.994250°) = 2.97 x 108m/s and c = (2.98 x 104m/s) tan(89.994278°) = 
2.98 x 10°m/s. This method is highly sensitive to rounding. Calculating the orbital speed from the 
radius and period of the Earth’s orbit will likely result in different answers! 


P4-26 (a) Total distance is 21, so to = 2l/v. 
(b) Assume wind blows east. Time to travel out is t; = I/(v + u), time to travel back is 
to =1/(v — u). Total time is sum, or 
I I Qlv to 


tr= { = = " 
vtu v-u v—-ur 1l—u/v? 


If wind blows west the times reverse, but the result is otherwise the same. 

(c) Assume wind blows north. The airplane will still have a speed of v relative to the wind, but 
it will need to fly with a heading away from east. The speed of the plane relative to the ground will 
be Vv? — u?. This will be the speed even when it flies west, so 


1 ty 
Vr —u2 Jf1—u2/v? 


tn = 


(d) If u > v the wind sweeps the plane along in one general direction only; it can never fly back. 
Sort of like a black hole event horizon. 


P4-27| The velocity of the police car with respect to the ground is V,g = —76km/ hi. The velocity 


of the motorist with respect the ground is V7 = —62 km/ hj. 
The velocity of the motorist with respect to the police car is given by solving 


S = zy 
Ving = Vip + Vpgs 


SO Vimp = 76km/ hi — 62 km/hj. This velocity has magnitude 


Ump = V/(76km/h)? + (—62 km/h)? = 98 km/h. 
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The direction is 
6 = arctan(—62 km/h)/(76km/h) = —39°, 


but that is relative to i. We want to know the direction relative to the line of sight. The line of sight 
is 
a@ = arctan(57 m)/(41 m) = —54° 


relative to i, so the answer must be 15°. 


P4-28 (a) The velocity of the plane with respect to the air is Vpq; the velocity of the air with 
respect to the ground is Vag, the velocity of the plane with respect to the ground is Vp,. Then 
Vpg = Vpa + Vag. This can be represented by a triangle; since the sides are given we can find the 
angle between Vag and Vp, (points north) using the cosine law 


_ (135)? — (135)? — (70)? aed 
6 = arccos ( ~3(135) (70) ) = 75°. 


(b) The direction of V,, can also be found using the cosine law, 


(70)? — (135)? — (135)? =e 
0 = arcoos ( ~3(135) (135) ) = 30" 
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E5-1| There are three forces which act on the charged sphere— an electric force, Fz, the force of 
gravity, W, and the tension in the string, J. All arranged as shown in the figure on the right below. 

(a) Write the vectors so that they geometrically show that the sum is zero, as in the figure 
on the left below. Now W = mg = (2.8 x 1074 kg)(9.8 m/s”) = 2.7 x 107° N. The magnitude 
of the electric force can be found from the tangent relationship, so Fg = W tan@ = (2.7 x 107% 
N) tan(33°) = "1.8 x10? N. 


(a) (b) 


(b) The tension can be found from the cosine relation, so 


T = W/cos0 = (2.7 x 10-3N)/ cos(33°) = 3.2 x 107° N. 


E5-2 (a) The net force on the elevator is F = ma = Wa/g = (6200 Ib)(3.8 ft/s) /(32 ft/s”) = 
740 lb. Positive means up. There are two force on the elevator: a weight W down and a tension 
from the cable T up. Then F = T —W or T = F' + W = (740 lb) + (6200 lb) = 6940 lb. 

(b) If the elevator acceleration is down then F' = —740 1b; consequently T = F+W = (—740 lb)4 
(6200 lb) = 5460 lb. 


E5-3 (a) The tension T is up, the weight W is down, and the net force F is in the direction of the 
acceleration (up). Then F = T —W. But F = ma and W = mg, so 


m= T/(a+qg) = (89N)/{(2.4m/s?) + (9.8 m/s)] = 7.3kg. 


(b) T = 89N. The direction of velocity is unimportant. In both (a) and (b) the acceleration is 
up. 


E5-4 The average speed of the elevator during deceleration is vay = 6.0m/s. The time to stop the 
elevator is then t = (42.0m)/(6.0m/s) = 7.0s. The deceleration is then a = (12.0m/s)/(7.0s) = 
1.7m/s?. Since the elevator is moving downward but slowing down, then the acceleration is up, 
which will be positive. 
The net force on the elevator is F = ma; this is equal to the tension T minus the weight W. 
Then 
T=F+W =ma+mg = (1600kg)[(1.7 m/s”) + (9.8m/s”)] = 1.8x104N. 


E5-5| (a) The magnitude of the man’s acceleration is given by 


a= gs g = 0.29, 
M2+m41 (110 kg) + (74 kg) 


and is directed down. The time which elapses while he falls is found by solving y = voyt + FAyt?, 
or, with numbers, (—12 m) = (0)t + $(—0.2g)t? which has the solutions t = +3.5 s. The velocity 
with which he hits the ground is then v = upy + ayt = (0) + (—0.2g)(3.5 s) = —6.9 m/s. 
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(b) Reducing the speed can be accomplished by reducing the acceleration. We can’t change Eq. 
5-4 without also changing one of the assumptions that went into it. Since the man is hoping to 
reduce the speed with which he hits the ground, it makes sense that he might want to climb up the 
rope. 


E5-6 (a) Although it might be the monkey which does the work, the upward force to lift him still 
comes from the tension in the rope. The minimum tension to lift the log is T = W; = mg. The net 
force on the monkey is T —- Wy, = mya. The acceleration of the monkey is then 


a= (m — Mm)g/Mm = [(15 kg) — (11 kg)](9.8 m/s”) /(11 kg) = 3.6m/s?. 
(b) Atwood’s machine! 
a= (1m — 1M) g/ (1m + Map) = [(15 kg) — (11 kg)](9.8 m/s?)/[(15 kg) + (11 kg)] = 1.5:m/s. 
(c) Atwood’s machine! 


T = 2mymmg/(m + Mm) = 2(15kg)(11kg)(9.8 m/s”) /[(15 kg) + (11 kg)] = 120N. 


E5-7 The weight of each car has two components: a component parallel to the cables W), = W sin @ 
and a component normal to the cables W,.. The normal component is “balanced” by the supporting 
cable. The parallel component acts with the pull cable. 

In order to accelerate a car up the incline there must be a net force up with magnitude F = ma. 
Then F = T above — T below — Ww; or 


AT = ma+ mgsin 0 = (2800kg)[(0.81 m/s”) + (9.8m/s*) sin(35°)] = 1.8 104N. 


E5-8 ‘The tension in the cable is T, the weight of the man + platform system is W = mg, and the 
net force on the man + platform system is F = ma = Wa/g =T—W. Then 


T =Wa/g+W = W(a/g +1) = (180 lb + 43 Ib)[(1.2 ft/s”) /(32 ft/s”) + 1] = 231 Ib. 


E5-9| See Sample Problem 5-8. We need only apply the (unlabeled!) equation 


Ms = tand 


to find the egg angle. In this case 9 = tan~!(0.04) = 2.3°. 


E5-10 (a) The maximum force of friction is F = y,N. If the rear wheels support half of the weight 
of the automobile then N = W/2 = mg/2. The maximum acceleration is then 


a= F/m= ps,N/m = usg/2. 


(b) a = (0.56)(9.8 m/s?) /2 = 2.7 m/s?. 
E5-11 The maximum force of friction is F = ysN. Since there is no motion in the y direction the 
magnitude of the normal force must equal the weight, N = W = mg. The maximum acceleration is 


then 
a= F/m=p.N/m = psg = (0.95)(9.8 m/s”) = 9.3 m/s”. 


E5-12 There is no motion in the vertical direction, so N = W = mg. Then pp = F/N = 
(470 N)/[(9.8 m/s?) (79 kg)] = 0.61. 


58 


E5-13| A 75 kg mass has a weight of W = (75kg)(9.8 m/s?) = 735N, so the force of friction on 
each end of the bar must be 368 N. Then 
fs  (868N) 


Peli 
~ [bs (0.41) 


= 900N. 


E5-14 (a) There is no motion in the vertical direction, so N = W = mg. 

To get the box moving you must overcome static friction and push with a force of P > usN = 
(0.41) (240 N) = 98N. 

(b) To keep the box moving at constant speed you must push with a force equal to the kinetic 
friction, P = u,N = (0.32)(240N) = 77N. 

(c) If you push with a force of 98 N on a box that experiences a (kinetic) friction of 77 N, then 
the net force on the box is 21 N. The box will accelerate at 


a= F/m= Fg/W = (21N)(9.8 m/s”) /(240 N) = 0.86 m/s?. 


E5-15 (a) The maximum braking force is F = yz,N. There is no motion in the vertical direction, 
so N=W=mg. Then F = psmg = (0.62)(1500kg)(9.8 m/s”) = 9100 N. 

(b) Although we still use F = usN, N # W on an incline! The weight has two components; 
one which is parallel to the surface and the other which is perpendicular. Since there is no motion 
perpendicular to the surface we must have N = W, = Wcos@. Then 


F = ppgmg cos @ = (0.62)(1500 kg) (9.8 m/s”) cos(8.6°) = 9000 N. 


E5-16 wu, = tané is the condition for an object to sit without slipping on an incline. Then 
@ = arctan(0.55) = 29°. The angle should be reduced by 13°. 


E5-17]| (a) The force of static friction is less than u,N, where N is the normal force. Since the 
crate isn’t moving up or down, }> Fy =0 = N—W. So in this case N = W = mg = (136 kg) (9.81 
m/s”) = 1330 N. The force of static friction is less than or equal to (0.37)(1330 N) = 492 N; moving 
the crate will require a force greater than or equal to 492 N. 

(b) The second worker could lift upward with a force L, reducing the normal force, and hence 
reducing the force of friction. If the first worker can move the block with a 412 N force, then 
412 > wsN. Solving for N, the normal force needs to be less than 1110 N. The crate doesn’t move 
off the table, so then N + L = W, or L = W — N = (1330 N) — (1110 N) = 220 N. 

(c) Or the second worker can help by adding a push so that the total force of both workers is 
equal to 492 N. If the first worker pushes with a force of 412 N, the second would need to push with 
a force of 80 N. 


E5-18 The coefficient of static friction is us = tan(28.0°) = 0.532. The acceleration is a = 
2(2.53 m) /(3.92s)? = .329 m/s”. We will need to insert a negative sign since this is downward. 

The weight has two components: a component parallel to the plane, Wj, = mgsin@; and a 
component perpendicular to the plane, W, = mgcos@. There is no motion perpendicular to the 
plane, so N = W,. The kinetic friction is then f = u,.N = p,mgcosé. The net force parallel to 
the plane is F = ma = f — Wi = uxmgcos @ — mgsin@. Solving this for pu, 


Ik = (a+gsin@)/(gcos6), 
[(—0.329 m/s”) + (9.81 m/s) sin(28.0°)]/[((9.81 m/s”) cos(28.0°)] = 0.494. 


59 


E5-19 The acceleration is a = —2d/t?, where d = 203m is the distance down the slope and t is 
the time to make the run. 

The weight has two components: a component parallel to the incline, Wj; = mgsin@; and a 
component perpendicular to the incline, W, = mgcos@. There is no motion perpendicular tot he 
plane, so N = W,. The kinetic friction is then f = uxN = uxmgcos@. The net force parallel to 
the plane is F = ma = f — Wi = pxmgcos 6 — mgsin @. Solving this for px, 


Ik = (a+gsin@)/(gcos6), 
= (gsin 6 — 2d/t?)/(gcos@). 


If t= 61s, then 


_ (9.81 m/s”) sin(3.0°) — 2(203 m) /(61s)? 
ne (9.81 m/s?) cos(3.0°) 


= 0.041; 


if t = 42s, then 
2) CVs 
sa, = 2.8L mm/s?) sin(3.0°) — 2(203m)/(428)? _ 9 gag. 
(9.81 m/s?) cos(3.0°) 


E5-20 (a) If the block slides down with constant velocity then a = 0 and py, = tandé. Not only 
that, but the force of kinetic friction must be equal to the parallel component of the weight, f = W)). 
If the block is projected up the ramp then the net force is now 2W\, = 2mgsin 6. The deceleration 
is a = 2gsin 9; the block will travel a time t = vo/a before stopping, and travel a distance 


d = —at? /2 + uot = —a(vo/a)?/2 + vo(vo/a) = v2 /(2a) = v9 /(4gsin 6) 


before stopping. 
(b) Since px < fs, the incline is not steep enough to get the block moving again once it stops. 


E5-21| Let a; be acceleration down frictionless incline of length /, and t; the time taken. The a2 
is acceleration down “rough” incline, and tg = 2t, is the time taken. Then 


1 1 
l= att and | = gy v2(2t1)” 


Equate and find a;/az = 4. 

There are two force which act on the ice when it sits on the frictionless incline. The normal force 
acts perpendicular to the surface, so it doesn’t contribute any components parallel to the surface. 
The force of gravity has a component parallel to the surface, given by 


W\| = mgsin@, 
and a component perpendicular to the surface given by 

W, =mgcos0@. 
The acceleration down the frictionless ramp is then 


peel in@ 
1= =gsmn’. 
m 


When friction is present the force of kinetic friction is f, = ~zN; since the ice doesn’t move 


perpendicular to the surface we also have N = W,; and finally the acceleration down the ramp is 


_ Wife 


m 


a2 = g(sin@ — jxcos 6). 
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Previously we found the ratio of a;/az, so we now have 


snd = Asiné—4ucos8, 
sin33° = 4sin33° — 4:08 33°, 
bu = 0A9. 


E5-22 (a) The static friction between A and the table must be equal to the weight of block B to 
keep A from sliding. This means meg = Us(Ma4 + mc)g, Or Me = MB/s — Ma = (2.6kg)/(0.18) — 
(4.4kg) = 10kg. 
(b) There is no up/down motion for block A, so f = 4,.N = x.ma,g. The net force on the system 
containing blocks A and B is F = Wg — f = mpg — uxmag; the acceleration of this system is then 
MB — Uk™MA 


7 7 >, (2.6 kg) — (0.15)(4.4 kg) 
a-Si 1 Ob kee eae) 


= 2 Tne" 


E5-23] There are four forces on the block— the force of gravity, W = mg; the normal force, 
N; the horizontal push, P, and the force of friction, f. Choose the coordinate system so that 
components are either parallel (z-axis) to the plane or perpendicular (y-axis) to it. 6 = 39°. Refer 
to the figure below. 


The magnitudes of the x components of the forces are W, = Wsin@, P, = Pcos@ and f; the 
magnitudes of the y components of the forces are W, = W cos, Py = Psin0. 

(a) We consider the first the case of the block moving up the ramp; then f is directed down. 
Newton’s second law for each set of components then reads as 


So Fr = Pr-f—We = Pcosd— f —Wsin8 = maz, 
SOF, = N-P,-W,=N-Psind — Wcosd = ma, 
Then the second equation is easy to solve for N 
N = Psin6 + W cos6 = (46 N) sin(39°) + (4.8 kg) (9.8 m/s”) cos(39°) = 66 N. 


The force of friction is found from f = ju, N = (0.33)(66 N) = 22 N. This is directed down the incline 
while the block is moving up. We can now find the acceleration in the x direction. 


I 


Pcosé— f—Wsin8, 
(46 N) cos(39°) — (22N) — (4.8kg)(9.8 m/s”) sin(39°) = —16N. 


MA 


So the block is slowing down, with an acceleration of magnitude 3.3 m/s?. 

(b) The block has an initial speed of vp, = 4.3 m/s; it will rise until it stops; so we can use 
Vy = 0 = voy +ayt to find the time to the highest point. Then t = (vy —voy)/ay = —(—4.3 m/s) /(3.3 
m/s? = 1.3 s. Now that we know the time we can use the other kinematic relation to find the 
distance 


1 1 
Yy = Voyt + at = (4.3 m/s)(1.3 s) + 3-38 m/s”)(1.3 s)? = 2.8m 
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(c) When the block gets to the top it might slide back down. But in order to do so the frictional 
force, which is now directed up the ramp, must be sufficiently small so that f+ P, < W,. Solving 
for f we find f < W, — P, or, using our numbers from above, f < —6 N. Is this possible? No, so 
the block will not slide back down the ramp, even if the ramp were frictionless, while the horizontal 
force is applied. 


E5-24 (a) The horizontal force needs to overcome the maximum static friction, so P > usN = 
Usmg = (0.52)(12kg)(9.8 m/s?) = 61N. 

(b) If the force acts upward from the horizontal then there are two components: a horizontal 
component P, = Pcos@ and a vertical component Py, = Psin@. The normal force is now given by 
W = P, +N; consequently the maximum force of static friction is now p.N = ps(mg — Psin6). 
The block will move only if Pcos@ > us(mg — P sin @), or 


[smg (0.52) (12 kg) (9.8 m/s”) — 66N 
~ cosO+pssin@ — cos(62°) + (0.52) sin(62°) 
(c) If the force acts downward from the horizontal then 0 = —62°, so 
s .52)(12k : ‘ 
psmg (0.52)(12kg)(9.8m/s*) gs 


~ cos @ + pis sin 8 ~ cos(—62°) + (0.52) sin(—62°) 


E5-25 (a) If the tension acts upward from the horizontal then there are two components: a hori- 
zontal component T;, = T'cos # and a vertical component T,, = T'sin @. The normal force is now given 
by W = T, + N; consequently the maximum force of static friction is now sN = ps(W — T sin 8). 
The crate will move only if Tcos6 > us(W — Tsin 6), or 


psWo (0.52)(150 Ib) 
~ cos@+pssin@ — cos(17°) + (0.52) sin(17°) 


= 70 lb. 


(b) Once the crate starts to move then the net force on the crate is F = T, — f. The acceleration 
is then 


FrlP cos 8 — px(W — T sin 6)], 


= Go Em Ib) cos(17°) — (0.35)[(150 Ib) — (70 Ib) sin(17°)]}, 


4.6 ft/s. 


E5-26 If the tension acts upward from the horizontal then there are two components: a horizontal 
component TJ, = T’cos@ and a vertical component T, = T'sin@. The normal force is now given by 
W =T, +N; consequently the maximum force of static friction is now usN = ps(W —T sin @). The 
crate will move only if T'cos@ > us(W — T sin @), or 


W < Tcos6/p,+T sin@. 
We want the maximum, so we find dW/dé, 
dW/dé = —(T/ps) sin 6 + T cos 6, 
which equals zero when pig = tan @. For this problem @ = arctan(0.35) = 19°, so 


W < (1220) cos(19°)/(0.35) + (1220 N) sin(19°) = 3690N. 
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E5-27 The three force on the know above A must add to zero. Construct a vector diagram: 
T,+T,+ Tg = 0, where Ty refers to the diagonal rope. 7T'4 and Tg must be related by T4 = 
Tp tan 6, where @ = 41°. 


There is no up/down motion of block B, so N = Wg and f = psWes. Since block B is at rest 
f =Tep. Since block A is at rest W4 = T4. Then 


Wa = Wa(ps tan 0) = (712 N)(0.25) tan(41°) = 155N. 


E5-28 (a) Block 2 doesn’t move up/down, so N = W2 = mgg and the force of friction on block 2 
is f = uxmeg. Block 1 is on a frictionless incline; only the component of the weight parallel to the 
surface contributes to the motion, and W), = m,gsin@. There are two relevant forces on the two 
mass system. The effective net force is the of magnitude Wj, — f, so the acceleration is 


my sin 8 — Uxme 


7 7 9, (4.20 kg) sin(27°) — (0.47) (2.30 kg) 
Oo aang (4.20kg) + (2.30kg) 


= 1.25 m/s?. 


The blocks accelerate down the ramp. 
(b) The net force on block 2 is F = mga = T — f. The tension in the cable is then 


T = moa + p_,myg = (2.30kg)[(1.25 m/s”) + (0.47) (9.81 m/s”)] = 13.5N. 


E5-29| This problem is similar to Sample Problem 5-7, except now there is friction which can act 
on block B. The relevant equations are now for block B 


N —mepgcosé = 0 


and 


T—megsin@d + f = mga, 


where the sign in front of f depends on the direction in which block B is moving. If the block is 
moving up the ramp then friction is directed down the ramp, and we would use the negative sign. 
If the block is moving down the ramp then friction will be directed up the ramp, and then we will 
use the positive sign. Finally, if the block is stationary then friction we be in such a direction as to 
make a = 0. 

For block A the relevant equation is 


mag —-T=maa. 


Combine the first two equations with f = uN to get 


T —megsin@ + umggcos 6 = mga. 
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Take some care when interpreting friction for the static case, since the static value of w yields the 
maximum possible static friction force, which is not necessarily the actual static frictional force. 
Combine this last equation with the block A equation, 


mag —m,a—mpgsind + umggcos 6 = mga, 


and then rearrange to get 


mA — Mp sind + ump cosé 


Mat mB 
For convenience we will use metric units; then the masses are m4 = 13.2kg and mg = 42.6 kg. In 
addition, sin 42° = 0.669 and cos 42° = 0.743. 
(a) If the blocks are originally at rest then 


ma — mgsinO = (13.2kg) — (42.6kg)(0.669) = —15.3kg 


where the negative sign indicates that block B would slide downhill if there were no friction. 
If the blocks are originally at rest we need to consider static friction, so the last term can be as 
large as 
pump cos 0 = (.56)(42.6 kg) (0.743) = 17.7kg. 


Since this quantity is larger than the first static friction would be large enough to stop the blocks 
from accelerating if they are at rest. 
(b) If block B is moving up the ramp we use the negative sign, and the acceleration is 


13.2kg) — (42.6 kg) (0.669) — (.25)(42.6kg) (0.743) _ 
(13.2kg) + (42.6kg) = 


a= (9.81 m/s?) 4.08 m/s”. 
where the negative sign means down the ramp. The block, originally moving up the ramp, will 
slow down and stop. Once it stops the static friction takes over and the results of part (a) become 
relevant. 
(c) If block B is moving down the ramp we use the positive sign, and the acceleration is 
13.2kg) — (42.6 kg) (0.669) + (.25) (42.6 kg)(0.743) 


ay ( ES 2 
a = (9.81 m/s“) (13.2 kg) + (42.6ke) = —1.30m/s°. 


where the negative sign means down the ramp. This means that if the block is moving down the 
ramp it will continue to move down the ramp, faster and faster. 


E5-30 The weight can be resolved into a component parallel to the incline, Wj = W sin@ and a 
component that is perpendicular, W, = Wcos@. There are two normal forces on the crate, one from 
each side of the trough. By symmetry we expect them to have equal magnitudes; since they both 
act perpendicular to their respective surfaces we expect them to be perpendicular to each other. 
They must add to equal the perpendicular component of the weight. Since they are at right angles 
and equal in magnitude, this yields N? + N? = W,?, or N= W/_/V2. 

Each surface contributes a frictional force f = px.N = px.W1/ V/2: the total frictional force is 
then twice this, or /2u,.W_. The net force on the crate is F = W sind — V21,,W cos@ down the 
ramp. The acceleration is then 

a = g(sin@ — V2, cos 6). 
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E5-31 The normal force between the top slab and the bottom slab is N = W; = mig. The force 
of friction between the top and the bottom slab is f < wN = pm,g. We don’t yet know if the slabs 
slip relative to each other, so we don’t yet know what kind of friction to consider. 

The acceleration of the top slab is 


a, = (110N)/(9.7kg) — (9.8 m/s”) = 11.3 m/s? — (9.8m/s?). 
The acceleration of the bottom slab is 
ay = u(9.8 m/s”)(9.7, kg) /(42 ke) = (2.3 m/s”). 


Can these two be equal? Only if w > 0.93. Since the static coefficient is less than this, the block 
slide. Then a, = 7.6 m/s? and ay = 0.87 m/s?. 


E5-32 (a) Convert the speed to ft/s: v = 88 ft/s. The acceleration is 
a = v7 /r = (88 ft/s)? /(25 ft) = 310 ft/s. 


(b) a = 310 ft/s’g/(32 ft/s’) = 9.79. 


(a) The force required to keep the car in the turn is F = mv?/r = Wv?/(rg), or 
F = (10700 N)(13.4m/s)*/[(61.0 m) (9.81 m/s”)] = 3210N. 
(b) The coefficient of friction required is uw; = F/W = (3210 N)/(10700 N) = 0.300. 


E5-34 (a) The proper banking angle is given by 


é? = arctan ve rT (16.7 m/s)? 
7 Rg (150 m)(9.8 m/s”) 


=11°. 


(b) If the road is not banked then the force required to keep the car in the turn is F = mv?/r = 
Wv?/(Rg) and the required coefficient of friction is 
2 (16.7 m/s)? 


ps = F/W = 2 = Gs0m)(9.8m/s) 


= 0.19. 


E5-35 (a) This conical pendulum makes an angle 6 = arcsin(0.25/1.4) = 10° with the vertical. 
The pebble has a speed of 


v = Rg tané = \/(0.25 m)(9.8 m/s) tan(10°) = 0.66 m/s. 


(b) a = v?/r = (0.66 m/s)?/(0.25m) = 1.7m/s?. 
(c) T = mg/cos0 = (0.053 kg)(9.8 m/s?) / cos(10°) = 0.53 N. 


E5-36 Ignoring air friction (there must be a forward component to the friction!), we have a nor- 
mal force upward which is equal to the weight: N = mg = (85kg)(9.8m/s?) = 833N. There 
is a sideways component to the friction which is equal tot eh centripetal force, F = mv?/r = 
(85 kg)(8.7 m/s)?/(25m) = 257N. The magnitude of the net force of the road on the person is 


F = \/(833N)? + (257N)? = 870N, 


and the direction is 6 = arctan(257/833) = 17° off of vertical. 
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E5-37 (a) The speed is v = 2arf = 27(5.3x 1071! m)(6.6 x 10!°/s) = 2.2 10°m/s. 
(b) The acceleration is a = v?/r = (2.2x 10°m/s)?/(5.3 x 107'm) = 9.1 x 102? m/s?. 
(c) The net force is F = ma = (9.1x 107 kg) (9.1 x 107? m/s”) = 8.3x 1078N. 


E5-38 The basket has speed v = 27r/t. The basket experiences a frictional force F = mv?/r = 
m(2rr/t)?/r = 4r?mr/t?. The coefficient of static friction is us = F/N = F/W. Combining, 


A4n?r 4x? (4.6m) 
— a = 0.032. 
Ms “ot (9.8m/s2)(24s)2 


E5-39| There are two forces on the hanging cylinder: the force of the cord pulling up T’ and the 
force of gravity W = Mg. The cylinder is at rest, so these two forces must balance, or T = W. 
There are three forces on the disk, but only the force of the cord on the disk T is relevant here, since 
there is no friction or vertical motion. 

The disk undergoes circular motion, so T = mv?/r. We want to solve this for v and then express 
the answer in terms of m, M, r, and G. 


E5-40 (a) The frictional force stopping the car is F = u,N = usmg. The deceleration of the car 
is then a = psg. If the car is moving at v = 13.3m/s then the average speed while decelerating 
is half this, or vay = 6.7m/s. The time required to stop is t = x/vay = (21m)/(6.7m/s) = 3.18. 
The deceleration is a = (13.3m/s)/(3.1s) = 4.3m/s?. The coefficient of friction is us = a/g = 
(4.3 m/s”) /(9.8 m/s”) = 0.44. 

(b) The acceleration is the same as in part (a), so r = v?/a = (13.3m/s)?/(4.3m/s?) = 41m. 


E5-41| There are three forces to consider: the normal force of the road on the car N; the force of 
gravity on the car W; and the frictional force on the car f. The acceleration of the car in circular 
motion is toward the center of the circle; this means the net force on the car is horizontal, toward 
the center. We will arrange our coordinate system so that r is horizontal and z is vertical. Then the 
components of the normal force are N, = Nsin@ and N, = N cos 6; the components of the frictional 
force are f, = fcos@ and f, = fsin@. 

The direction of the friction depends on the speed of the car. The figure below shows the two 
force diagrams. 


The turn is designed for 95 km/hr, at this speed a car should require no friction to stay on the 
road. Using Eq. 5-17 we find that the banking angle is given by 
v? (26 m/s)? 


tan 6, = — = =~ = 0.33, 
rg (210 m)(9.8 m/s”) 
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for a bank angle of #, = 18°. 
(a) On the rainy day traffic is moving at 14 m/s. This is slower than the rated speed, so any 
frictional force must be directed up the incline. Newton’s second law is then 


2 
ae = N,—f,=Nsin@— fcosd=——, 
Tr 


SOF, = N+ fe-W=Neoos6+ fsind — mg =0. 
We can substitute f = u,N to find the minimum value of , which will keep the cars from slipping. 
There will then be two equations and two unknowns, yw, and N. Solving for N, 
mv? 
N (sin @ — pts cos 0) = —— and N (cos@ + ps sind) = mg. 
Tr 


Combining, 


2 
(sin 6 — 4, cos @) mg = (cos @ + pis sin 8) ala 


Rearrange, 
gr sin 0 — v? cos 


° grcos@ + v? sind 
We know all the numbers. Put them in and we’ll find us = 0.22 
(b) Now the frictional force will point the other way, so Newton’s second law is now 


2 
> Fe = N+ fp = Nein + fcosd =, 

7 
Se = N,-f.-W=Ncos6-— fsind—mg=0. 


The bottom equation can be rearranged to show that 

= mg 

~ cos @ — pis sind 
This can be combined with the top equation to give 


sinf + p,cos@ — mv? 


19 e086 — ps sind op 
We can solve this final expression for v using all our previous numbers and get v = 35 m/s. That’s 
about 130 km/hr. 


E5-42 (a) The net force on the person at the top of the Ferris wheel is mv?/r = W — N;, pointing 
down. The net force on the bottom is still mv?/r, but this quantity now equals Nj, — W and is point 
up. Then Ny, = 2W — Ny = 2(150 lb) — (125 lb) = 175 lb. 

(b) Doubling the speed would quadruple the net force, so the new scale reading at the top would 
be (150 lb) — 4[(150 Ib) — (125 Ib)] = 50 lb. Wee! 


E5-43 The net force on the object when it is not sliding is F = mv?/r; the speed of the object is 
v = 2nrf (f is rotational frequency here), so F = 4n?mrf?. The coefficient of friction is then at 
least ps = F/W = 4nr f?/g. If the object stays put when the table rotates at 333 rev/min then 


Us > 4n°(0.13 m)(33.3/60 /s)?/(9.8 m/s”) = 0.16. 
If the object slips when the table rotates at 45.0 rev/min then 
Us < 4n?(0.13 m)(45.0/60 /s)?/(9.8 m/s”) = 0.30. 
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E5-44 This is effectively a banked highway problem if the pilot is flying correctly. 


scien Us. (134m/s)? 
~ gtan@  (9.8m/s2) tan(38.2°) 


= 2330 m. 


E5-45 (a) Assume that frigate bird flies as well as a pilot. Then this is a banked highway problem. 
The speed of the bird is given by v? = grtan@. But there is also vt = 27r, so 27v? = gut tan 9, or 


Ss gttan@ — (9.8m/s*)(13s) tan(25°) 
On 21 


(b) r = vt/(27) = (9.5m /s)(13s)/(27) = 20m. 


= 9.5m/s. 


E5-46 (a) The radius of the turn is r = \/(33m)? — (18m)? = 28m. The speed of the plane is v = 
2rr f = 27(28m)(4.4/60 /s) = 13 m/s. The acceleration is a = v?/r = (13m/s)?/(28m) = 6.0m/s?. 

(b) The tension has two components: T, = Tcos@ and T, = Tsin@. In this case 9 = 
arcsin(18/33) = 33°. All of the centripetal force is provided for by Ty, so 


T = (0.75 kg)(6.0 m/s”) / cos(33°) = 5.4N. 
(c) The lift is balanced by the weight and T,. The lift is then 
Ty, + W = (5.4N) sin(33°) + (0.75 kg)(9.8m/s”) = 10N. 
E5-47 (a) The acceleration is a = v?/r = 4n?r/t? = 417(6.37 x 10®m) /(8.64 x 104s)? = 3.37 x 
10~?m/s?. The centripetal force on the standard kilogram is F = ma = (1.00 kg)(3.37x107?m/s?) = 


0.0337 N. 
(b) The tension in the balance would be T = W — F' = (9.80 N) — (0.0337 N) = 9.77N. 


E5-48 (a) v = 4(0.179 m/s*)(7.18s)3 — 2(2.08 m/s?)(7.18s) = 235 m/s. 
(b) a = 12(0.179 m/s*)(7.18s)? — 2(2.08 m/s?) = 107 m/s?. 
(c) F = ma = (2.17kg)(107 m/s?) = 232N. 


E5-49| The force only has an x component, so we can use Eq. 5-19 to find the velocity. 


Lt ae Fy f* 
t= vee t= | Fy dt=u+ = f (1—t/T) dt 
m™m Jo m Jo 


1 5 
Uz = Vo + Ao t— ort 


Now put this expression into Eq. 5-20 to find the position as a function of time 
t t 1 
va ao f Uz a= (oe +a (- at’) dt 


1 
T2 
2 6T 


Now we can put t = T into the expression for v. 


Integrating, 


Integrating, 


x= vol'4 wo( 


1 
Vz = Up + ao (r _ at) = vo + aol /2. 
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P5-1 (a) There are two forces which accelerate block 1: the tension, T’, and the parallel component 
of the weight, Wi); = m ,gsin@,. Assuming the block accelerates to the right, 


mya = my,gsin 6, — T. 


There are two forces which accelerate block 2: the tension, 7’, and the parallel component of the 
weight, W\\,.2 = m2gsin #2. Assuming the block 1 accelerates to the right, block 2 must also accelerate 
to the right, and 

mga = T — mogsin 62. 


Add these two equations, 
(m1 + mg)a = mygsin 0, — mag sin 62, 


and then rearrange: 
myg sin 0; — mg sin 62 


mM, + M2 


Or, take the two net force equations, divide each side by the mass, and set them equal to each other: 
gsin 0; — T/m, = T/me2 — gsin 62. 


Rearrange, 


1 1 
T ( + ) = gsin 6; + gsin 02, 


my m2 


and then rearrange again: 
pa ee (sin 6; + sin 62). 
mi + M2 


(b) The negative sign we get in the answer means that block 1 accelerates up the ramp. 


_ (3.70kg) sin(28°) — (4.86 kg) sin(42°) a : 
= (3.70kg) + (4.86kg) (9.81 m/s?) = =1.74m/s*. 


(3.70 kg) (4.86 kg) (9.81 m/s”) 
(3.70 kg) + (4.86 kg) 
(c) No acceleration happens when mz = (3.70kg) sin(28°)/sin(42°) = 2.60kg. If m2 is more 
massive than this m, will accelerate up the plane; if mz is less massive than this m, will accelerate 
down the plane. 


= 


[sin(28°) + sin(42°)] = 23.5 N. 


P5-2 (a) Since the pulley is massless, F = 2T. The largest value of T that will allow block 2 to 
remain on the floor is T < W2 = mag. So F < 2(1.9kg)(9.8m/s?) = 37N. 

(b) T = F/2 = (110N)/2 = 55N. 

(c) The net force on block 1 is T — W, = (55N) — (1.2kg)(9.8 m/s?) = 43N. This will result in 
an acceleration of a = (43 N)/(1.2kg) = 36 m/s?. 


P5-3| As the string is pulled the two masses will move together so that the configuration will look 
like the figure below. The point where the force is applied to the string is massless, so )> F' = 0 at 
that point. We can take advantage of this fact and the figure below to find the tension in the cords, 
F'/2 =Tcos@. The factor of 1/2 occurs because only 1/2 of F is contained in the right triangle that 
has T as the hypotenuse. From the figure we can find the x component of the force on one mass to 
be T, = T sin @. Combining, 


_Fsind Fg 
“"" 2cosd 2 oe 
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But the tangent is equal to 
Opposite _ eC 


tan@ = = 
ac Adjacent L2 — x2 


And now we have the answer in the book. 


What happens when « = L? Well, a, is infinite according to this expression. Since that could 
only happen if the tension in the string were infinite, then there must be some other physics that 
we had previously ignored. 


P5-4 (a) The force of static friction can be as large as f < usN = (0.60)(12 lb) = 7.2 lb. That is 
more than enough to hold the block up. 

(b) The force of static friction is actually only large enough to hold up the block: f = 5.0 lb. 
The magnitude of the force of the wall on the block is then Fw = \/(5.0)? + (12.0)?lb = 13 lb. 


P5-5 (a) The weight has two components: normal to the incline, W, = mgcos@ and parallel to the 
incline, W|) = mgsin @. There is no motion perpendicular to the incline, so N = W, = mgcos 0. The 
force of friction on the block is then f = uN = wmgcos6@, where we use whichever js is appropriate. 
The net force on the block is F — f — Wy = F + umgcos@ — mgsin 0. 

To hold the block in place we use p, and friction will point up the ramp so the + is +, and 


F = (7.96 kg) (9.81 m/s?) [sin(22.0°) — (0.25) cos(22.0°)| = 11.2N. 


(b) To find the minimum force to begin sliding the block up the ramp we still have static friction, 
but now friction points down, so 


F = (7.96 kg) (9.81 m/s”) [sin(22.0°) + (0.25) cos(22.0°)] = 47.4N. 
(c) To keep the block sliding up at constant speed we have kinetic friction, so 


F = (7.96 kg) (9.81 m/s”) [sin(22.0°) + (0.15) cos(22.0°)] = 40.1 N. 


P5-6 The sand will slide if the cone makes an angle greater than 6 where us = tané. But 
tan @ = h/R or h= Rtan@. The volume of the cone is then 


Ah/3 = nR°h/3 = rR? tan 0/3 = my,.R?/3. 


P5-7| There are four forces on the broom: the force of gravity W = mg; the normal force of the 
floor N; the force of friction f; and the applied force from the person P (the book calls it F). Then 


ie = P,-—f =Psin6é—f =mag, 
SOFy = N-—P,-W=N-— Pcosé—mg=ma, = 0 


Solve the second equation for N, 
N = Pcosé+mg. 


70 


(a) If the mop slides at constant speed f = u,N. Then 
Psind — f = Psind — py, (P cos? + mg) = 0. 
We can solve this for P (which was called F' in the book); 
_ mg 
sin 8 — 4, cos 6 


This is the force required to push the broom at constant speed. 

(b) Note that P becomes negative (or infinite) if sin@ < y,.cos@. This occurs when tan 6. < ju. 
If this happens the mop stops moving, to get it started again you must overcome the static friction, 
but this is impossible if tan 69 < ps 


P5-8 (a) The condition to slide is us < tan @. In this case, (0.63) > tan(24°) = 0.445. 

(b) The normal force on the slab is N = W, = mgcos@. There are three forces parallel to the 
surface: friction, f = usN = usmgcos 6; the parallel component of the weight, W|, = mgsin@, and 
the force F’. The block will slide if these don’t balance, or 


F > pismg cos 6 — mgsin 6 = (1.8 10"kg) (9.8 m/s”) (0.63) cos(24°) — sin(24°)] = 3.0x 107N. 


P5-9| To hold up the smaller block the frictional force between the larger block and smaller block 
must be as large as the weight of the smaller block. This can be written as f = mg. The normal 
force of the larger block on the smaller block is N, and the frictional force is given by f < u,N. So 
the smaller block won’t fall if mg < p.N. 

There is only one horizontal force on the large block, which is the normal force of the small block 
on the large block. Newton’s third law says this force has a magnitude N, so the acceleration of the 
large block is N = Ma. 

There is only one horizontal force on the two block system, the force F'’. So the acceleration of 
this system is given by F = (M+ m)a. The two accelerations are equal, otherwise the blocks won’t 
stick together. Equating, then, gives N/M = F/(M +m). 

We can combine this last expression with mg < u.N and get 


mg S Bs Tn 


2 
F> g(M +m)m = (9.81 m/s*)(88kg + 16 kg)(16 kg) — 490N 
jigM (0.38) (88 ke) 


P5-10 The normal force on the ith block is N; = mig cos 6; the force of friction on the ith block 
is then fj = 44mg cos @. The parallel component of the weight on the ith block is Wi; = mig sin 0. 
(a) The net force on the system is 


P= S- mig(sin 0 — p41; cos A). 


Then 


(1.65 kg) (sin 29.5° — 0.226 cos 29.5°) + (3.22 kg)(sin 29.5° — 0.127 cos 29.5°) 


(9.81 m/s”) (1.65 kg) + (3.22 kg) 


is) 
lI 


l 


3.46 m/s”. 
(b) The net force on the lower mass is mga = Wj 2 — f2 — T,, so the tension is 


T = (9.81 m/s”) (3.22 kg) (sin 29.5° — 0.127 cos 29.5°) — (3.22 kg)(3.46 m/s”) = 0.922 N. 
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(c) The acceleration will stay the same, since the system is still the same. Reversing the order 
of the masses can only result in a reversing of the tension: it is still 0.992 N, but is now negative, 
meaning compression. 


P5-11| The rope wraps around the dowel and there is a contribution to the frictional force Af 
from each small segment of the rope where it touches the dowel. There is also a normal force AN at 
each point where the contact occurs. We can find AN much the same way that we solve the circular 
motion problem. 

In the figure on the left below we see that we can form a triangle with long side T and short side 
AN. In the figure on the right below we see a triangle with long side r and short side rA@. These 
triangles are similar, so rA0/r = AN/T. 


rA@ 


Now Af = wAN and T(6) + Af = T(6 + A@). Combining, and taking the limit as Ad — 0, 
dT =df 


integrating both sides of this expression, 


Oo 
I 


T; eH . 


In this case T is the weight and 75 is the downward force. 


P5-12 Answer this out of order! 

(b) The maximum static friction between the blocks is 12.0 N; the maximum acceleration of the 
top block is then a = F/m = (12.0N)/(4.40kg) = 2.73 m/s?. 

(a) The net force on a system of two blocks that will accelerate them at 2.73m/s? is F = 
(4.40 kg + 5.50 kg)(2.73 m/s?) = 27.0N. 

(c) The coefficient of friction is us = F/N = F/mg = (12.0 N)/[(4.40 kg)(9.81 m/s?)] = 0.278. 


P5-13 The speed is v = 23.6m/s. 

(a) The average speed while stopping is half the initial speed, or vay = 11.8m/s. The time to stop 
is t = (62m)/(11.8m/s) = 5.25s. The rate of deceleration is a = (23.6 m/s)/(5.25s) = 4.50m/s?. 
The stopping force is F’ = ma; this is related to the frictional force by F = psmg, so us = a/g = 
(4.50 m/s?) /(9.81 m/s?) = 0.46. 
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(b) Turning, 
a =v" /r = (23.6 m/s)?/(62m) = 8.98 m/s”. 


Then ps = a/g = (8.98 m/s”) /(9.81 m/s”) = 0.92. 


P5-14 (a) The net force on car as it travels at the top of a circular hill is Free = mv?/r = W —N; 
in this case we are told N = W/2, so Fuee = W/2 = (16000 N)/2 = 8000 N. When the car travels 
through the bottom valley the net force at the bottom is Fy = mv?/r = N —W. Since the 
magnitude of v, r, and hence F', is the same in both cases, 


N =W/2+W = 3W/2 = 3(16000N)/2 = 24000N 


at the bottom of the valley. 
(b) You leave the hill when N = 0, or 


v = 7g = (250m) (9.81 m/s?) = 50m/s. 
(c) At this speed Frye, = W, so at the bottom of the valley N = 2W = 32000N. 
P5-15 (a) v = 2mr/t = 27(0.052 m)(3/3.3s) = 0.30m/s. 
(b) a= v?/r = (0.30 m/s)?/(0.052 m) = 1.7m/s?, toward center. 


(c) F = ma = (0.0017 kg)(1.7 m/s”) = 2.9x 10-3N. 
(d) If the coin can be as far away as r before slipping, then 


Us = F/mg = (2rr/t)?/(rg) = 40? r/(t?g) = 4x? (0.12 m)/[(3/3.3s)?(9.8m/s?)] = 0.59. 


Say 


P5-16 (a) Whether you assume constant speed or constant energy, the tension in the string must 
be the greatest at the bottom of the circle, so that’s where the string will break. 
(b) The net force on the stone at the bottom is T— W = mv?/r. Then 


v = /rg[T/W —1] = V2.9 ft)(32 ft/s”) {(9.2 Ib) /(0.82 lb) — 1] = 31 ft/s. 


P5-17| (a) In order to keep the ball moving in a circle there must be a net centripetal force FY, 
directed horizontally toward the rod. There are only three forces which act on the ball: the force 
of gravity, W = mg = (1.34kg)(9.81 m/s”) = 13.1 N; the tension in the top string T; = 35.0 N, and 
the tension in the bottom string, T». 

The components of the force from the tension in the top string are 


T),2 = (35.0 N) cos 30° = 30.3N and T), = (35.0 N) sin 30° = 17.5N. 
The vertical components do balance, so 
Ti ,y + Toy = W, 
or T>,, = (13.1N) — (17.5N) = —4.4N. From this we can find the tension in the bottom string, 
T> = To,y/ sin(—30°) = 8.8N. 
(b) The net force on the object will be the sum of the two horizontal components, 
F.. = (30.3N) + (8.8N) cos 30° = 37.9N. 
(c) The speed will be found from 


v = Var=V/Fear/m, 


= /(37.9m)(1.70 m) sin 60°/(1.34kg) = 6.45 m/s. 
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P5-18 The net force on the cube is F = mv?/r. The speed is 27rw. (Note that we are using w in 
a non-standard way!) Then F = 47?mrw?. There are three forces to consider: the normal force of 
the funnel on the cube N; the force of gravity on the cube W; and the frictional force on the cube 
f. The acceleration of the cube in circular motion is toward the center of the circle; this means the 
net force on the cube is horizontal, toward the center. We will arrange our coordinate system so 
that r is horizontal and z is vertical. Then the components of the normal force are N, = Nsin@ 
and N, = Ncos@; the components of the frictional force are f, = fcos@ and f, = fsin#@. 

The direction of the friction depends on the speed of the cube; it will point up if w is small and 
down if w is large. 

(a) If w is small, Newton’s second law is 


be = N,-— fr = Nsiné — fcosé = An? mrw’, 
SE = N,+f.-W=Ncosé+ fsind— mg =0. 
We can substitute f = psN. Solving for N, 
N (cos @ + Us sin?) = mg. 
Combining, 


pee oa ge — pls cos 0 
cos @ + ps sin 8 


Rearrange, 


—_ 1 /g sin@ — ps cosé 
On \l > cosO + jigsin dO 


This is the minimum value. 
(b) Now the frictional force will point the other way, so Newton’s second law is now 


ye = N,4+f, = Nsin@+ fcos@ = 4n?mrw’, 
Se = N,-f.-W=WNcosé— fsiné— mg =0. 


We've swapped + and - signs, so 


1 /g sin? + pcos é 
r cos @ — pis sin 8 


is the maximum value. 


P5-19 (a) The radial distance from the axis of rotation at a latitude L is RcosL. The speed 
in the circle is then v = 27RcosL/T. The net force on a hanging object is F = mv?/(Rcos L) = 
4nr?mR cos L/T?. This net force is not directed toward the center of the earth, but is instead directed 
toward the axis of rotation. It makes an angle L with the Earth’s vertical. The tension in the cable 
must then have two components: one which is vertical (compared to the Earth) and the other which 
is horizontal. If the cable makes an angle @ with the vertical, then Ty = Tsin@ and T, = Tcosé. 
Then Tj) = Fy) and W —T) = F. Written with a little more detail, 


T sin 0 = 4n?mRcos L sin L/T? = T6, 


and 
T cos = 4n?mR cos? L/T? + mg & T. 
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But 47? Ros? L/T? « g, so it can be ignored in the last equation compared to g, and T ~ mg. 
Then from the first equation, 
6 = 2n*Rsin2L/(gT?). 


(b) This is a maximum when sin 2D is a maximum, which happens when L = 45°. Then 
0 = 2n°(6.37 x 10°m)/[(9.8 m/s) (86400 s)?] = 1.7x 1073 rad. 


(c) The deflection at both the equator and the poles would be zero. 
P5-20 a=(Fo/m)e~/7. Then v = is adt = (FoT/m)e—“/7, and x = if v dt = (FoT?/m)e—*/T. 


(a) When t = T v = (FoT/m)e7! = 0.368(FoT'/m). 
(b) When t = T x = (FoT?/m)e~! = 0.368(FoT?/m). 
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E6-1 (a) vy = (m2/m4)v2 = (2650 kg/816 kg)(16.0 km/h) = 52.0 km/h. 
(b) vy = (m2/m,)v2 = (9080 kg/816 kg)(16.0 km/h) = 178 km/h. 


E6-2  p; = (2000kg)(40 km/h)j = 8.00x 104kg - km/hj. py = (2000 kg)(50 km/h)i = 1.00 10°kg - 
km/hi. Ap = py — pj = 1.00x 10°kg - km/hi — 8.00 x 10¢kg - km/hj. Ap = \/(Ap,)? + (Ap,)? = 
1.28 x 10°kg - km/h. The direction is 38.7° south of east. 


E6-3; The figure below shows the initial and final momentum vectors arranged to geometrically 
show pr — pj = Ap. We can use the cosine law to find the length of Ap. 


The angle a = 42° + 42°, p, = mv = (4.88kg)(31.4m/s) = 153kg-m/s. Then the magnitude of 
Ap is 


Ap = (153 kg-m/s)? + (153 kg-m/s)? — 2(153kg-m/s)? cos(84°) = 205kg-m/s, 


directed up from the plate. By symmetry it must be perpendicular. 


E6-4 The change in momentum is Ap = —mv = —(2300kg)(15m/s) = —3.5x 104kg - m/s. The 
average force is F = Ap/At = (—3.5x 10*kg - m/s) /(0.54s) = —6.5 x 104N. 


E6-5 (a) The change in momentum is Ap = (—mv) — mv; the average force is F = Ap/At = 
—2mv/At. 
(b) F = —2(0.14kg)(7.8 m/s) /(3.9x 1073s) = 560 N. 


E6-6 (a) J = Ap = (0.046 kg)(52.2 m/s) -0 =2.4N-s. 
(b) The impulse imparted to the club is opposite that imparted to the ball. 
(c) F = Ap/At = (2.4N -s)/(1.20x 10-3s) = 2000N. 


E6-7;} Choose the coordinate system so that the ball is only moving along the x axis, with away 
from the batter as positive. Then pr, = mvp, = (0.150kg)(61.5m/s) = 9.23 kg-m/s and piz = 
Miz = (0.150kg)(—41.6 m/s) = —6.24 kg-m/s. The impulse is given by J; = pez — Dig = 15.47 
kg-m/s. We can find the average force by application of Eq. 6-7: 


J, (15.47 kg- m/s) 
av,c — = = 3290N. 
Pov, At (4.7 x 1078 s) See 
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E6-8 The magnitude of the impulse is J = Fét = (—984N)(0.0270s) = —26.6N-s. Then pr = 
pi + Ap, so 
(0.420 kg) (13.8 m/s) + (—26.6N - s) 
= = 4 . . 
ia (0.420 ke) porns 


The ball moves backward! 


E6-9 The change in momentum of the ball is Ap = (mv) —(—mv) = 2mv = 2(0.058 kg)(32 m/s) = 
3.7kg-m/s. The impulse is the area under a force - time graph; for the trapezoid in the figure this 
area is J = Finax(2ms + 6ms)/2 = (4ms)Frax. Then Prax = (3.7kg-m/s)/(4ms) = 930N. 


E6-10 The final speed of each object is given by vj; = J/m;, where i refers to which object (as 
opposed to “initial”). The object are going in different directions, so the relative speed will be the 
sum. Then 

Ure] = Vt + V2 = (300N -s)[1/(1200 kg) + 1/(1800 kg)] = 0.42 m/s. 


E6-11] Use Simpson’s rule. Then the area is given by 


h(fo +4fi + 2fe +4 fs +...+4f134+ fid), 


Wl wlrR 


(0.2 ms) (200 + 4 - 800 + 2- 1200....N) 


which gives J, = 4.28 kg-m/s. 
Since the impulse is the change in momentum, and the ball started from rest, pry = Je+Dix = 4.28 
kg-m/s. The final velocity is then found from v, = p,/m = 8.6 m/s. 


E6-12 (a) The average speed during the the time the hand is in contact with the board is half of the 
initial speed, or vay = 4.8m/s. The time of contact is then t = y/Vay = (0.028 m)/(4.8 m/s) = 5.8 ms. 

(b) The impulse given to the board is the same as the magnitude in the change in momentum of 
the hand, or J = (0.54kg)(9.5 m/s) = 5.1N-s. Then F,, = (5.1N-s)/(5.8ms) = 880N. 


E6-13 Ap = J = FAt = (3000 N)(65.0s) = 1.95x10°N-s. The direction of the thrust relative to 
the velocity doesn’t matter in this exercise. 


E6-14 (a) p= mv = (2.14x107%kg) (483 m/s) = 1.03 kg - m/s. 

(b) The impulse imparted to the wall in one second is ten times the above momentum, or 
J = 10.3kg-m/s. The average force is then Fay = (10.3kg-m/s)/(1.0s) = 10.3N. 

(c) The average force for each individual particle is F, = (1.03 kg-m/s)/(1.25x 1073s) = 830N. 


E6-15| A transverse direction means at right angles, so the thrusters have imparted a momentum 
sufficient to direct the spacecraft 100+3400 = 3500 km to the side of the original path. The spacecraft 
is half-way through the six-month journey, so it has three months to move the 3500 km to the side. 
This corresponds to a transverse speed of v = (3500x10°m) /(90x 86400s) = 0.45 m/s. The required 
time for the rocket to fire is At = (5400 kg)(0.45 m/s) /(1200 N) = 2.0s. 


E6-16 Total initial momentum is zero, so 


Ms Msg (0.158 Ib) xs 
7 ree — 12.7 ft/s) = —1.0x 107? ft/s. 
v a ae (195 Ib) (12.7 ft/s) 0x10“ ft/s 
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E6-17| Conservation of momentum: 


Pim+ Pte = Pimt Pie, 
MmVEm + MeVEe = MpVim + MecVj,c, 
Vic — Vie = eer ey 
Me 
te (75.2 kg)(2.33 m/s) — (75.2 kg)(0) 
(38.6 kg) , 
= 4,54m/s. 
The answer is positive; the cart speed increases. 
E6-18 Conservation of momentum: 
Pf£,m + Pfc = Pim + Pics 
Mm (VE,¢ ae Vrel) + MeVfco = (Mun Tr Me)Vi,c; 
(Mn + Mce)UE,c —™MmpVrel = (Mun aie Me)Vi,c; 
Ave = MmUVrei/ (Mm Te Me); 


= Wrrei/(wt+W). 


E6-19 Conservation of momentum. Let m refer to motor and c refer to command module: 


Pim+ Pte = Pim t Pie, 
Mn (VE,c — Vrel) + McVe,c = (mt Me); 
(Mm + Me)UE.¢ — Mmrel = (Mm + Me)Vi-e; 
es, = Mm Vrel + (Mm + Me)Vi,c 
(Mm + Mc) ‘ 
_  4me(125 km/h) + (4me + me)(3860 km/h) _ go60 jan ho. 
(4m, + me) 


E6-20 Conservation of momentum. The block on the left is 1, the other is 2. 


M11 ¢ +Mov2¢ = M1V14+M2V2;i, 
meg 
Vig = 14+ —(v2i — v2.4), 
my 
2.4k 
= (5.5m/s)+ ia oe [(2.5 m/s) — (4.9 m/s)], 
= 19m/s. 


E6-21 Conservation of momentum. The block on the left is 1, the other is 2. 


MyV1f+M2Qv2f = M1V1 5 +M2V2 3, 
m2 
Vie = VUii+ —(v2i—- v2:2), 
my 
2.4k 
= (5.5m/s)+ = = [(—2.5 m/s) — (4.9m/s)], 
= -—5.6m/s. 
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E6-22 Assume a completely inelastic collision. Call the Earth 1 and the meteorite 2. Then 


m101,¢ +M2v2,¢ = M1V14 + M2V23, 
Vie = el , 
, my + M2 
(5 x 10!°kg) (7200 m/s) 


= — 1 il 3. 
(5.98x 104kg) + (Sx10kg) — /* 10 m/s 


That’s 2 mm/y! 


E6-23] Conservation of momentum is used to solve the problem: 


Pp = Pi, 
P£,bl + Ptbu = Pi,bl + Pi,bu, 
MplU¢E,bl + MpuVZ,bu MplVi,bl + MpuVi,bu; 
(715 g)vep1 + (5.18 g)(428 m/s) = (715 g)(0) + (5.18 g)(672 m/s), 


I 


which has solution v¢ 1 = 1.77m/s. 


E6-24 The y component of the initial momentum is zero; therefore the magnitudes of the y com- 
ponents of the two particles must be equal after the collision. Then 


Mavasinbg = mMovosindo, 


MOQVO sin (re) 

Ug. OR a 

MoVo Sin by 

(16 u)(1.20 x 10°m/s) sin(51°) 5 

= =4.15x1 ; 
(4.00 u) sin(64°) AWS 


E6-25 The total momentum is 


BP = (2.0kg)[(15m/s)i+ (30m/s)j] + (3.0kg)[(—10 m/s)i + (5m/s)j], 
= 75kg-m/sj. 


The final velocity of B is 


7 +B maar), 
MB 
a sow {(75kg - m/sj) — (2.0kg)[(—6.0 m/s)i + (30m/s)j]}, 


= (4.0m/s)i+ (5.0m/s)j. 


E6-26 Assume electron travels in +z direction while neutrino travels in +y direction. Conservation 
of momentum requires that 


p = —(1.2x 10~*?kg - m/s)i — (6.4x 10~*°kg - m/s)j 


be the momentum of the nucleus after the decay. This has a magnitude of p = 1.4x 10~**kg - m/s 
and be directed 152° from the electron. 
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E6-27 What we know: 


Bii = (1.50x10°kg)(6.20 m/s)i = 9.30x 10°kg - m/si, 
Boi = (2.78x10°kg)(4.30 m/s)j = 1.20 10°kg - m/sj, 
Bor = (2.78x10°kg) (5.10 m/s) [sin(18°)i + cos(18°)j], 


4.38 x 10°kg - m/si + 1.35 x 10°kg - m/sj. 
Conservation of momentum then requires 
Bis (9.30 x 10°kg - m/si) — (4.38 x 10°kg - m/si) 
+(1.20 x 10°kg - m/sj) — (1.35 x 10°kg - m/s}), 
= 4.92x10°kg- m/si—1.50x 10°kg - m/si. 


This corresponds to a velocity of 
Vi = 3.28m/si— 1.00m/sj, 


which has a magnitude of 3.43 m/s directed 17° to the right. 


E6-28 vs = —2.1m/s. 


E6-29| We want to solve Eq. 6-24 for mg given that v;,¢ = 0 and v1; = —v2;. Making these 
substitutions 
m1 — Mg 2m 
0) = Vat V1,i)5 
(0) my, +™mMe 1, eae ea Li) 
0 = (mi — me2)v14 — (2m2)v1,, 
3M2 => my, 

so M2 = 100 g. 


E6-30 (a) Rearrange Eq. 6-27: 


Vii 


Rab peea Ue 2 (0.342kg) (1.24 m/s) — (0.636 m/s) 
Vii + Vig (1.24 m/s) + (0.636 m/s) 


(b) vor = 2(0.342 kg) (1.24 m/s) /(0.342kg + 0.110kg) = 1.88 m/s. 


= 0.110kg. 


E6-31 Rearrange Eq. 6-27: 


Vii — UIE vii — v1i/4 
mz = m,———— __ = (2.0 kg) ———_ 
‘oni + vie ( 8a + v1;/4 


= 1.2kg. 
E6-32  1’ll multiply all momentum equations by g, then I can use weight directly without converting 


to mass. 
ee = [(31.8 T)(5.20 ft/s) + (24.2 T)(2.90 ft/s)]/(31.8 T + 24.2 T) = 4.21 ft/s. 
(b) Evaluate: 


318 T—242T 2(24.2 T) 
pape SE Seep = ee = ono ga reyay es 3 Oni Peles 
ese teuderTe gig Peo) eee 
318 T—242T 2(31.8 T 
ies (2.90 ft/s) + ( ) (5.20 ft/s) = 5.51 ft/s. 


31.8 T+ 24.2 T 31.8 T+ 24.2 T 
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E6-33]| Let the initial momentum of the first object be p,,; = mv1,j, that of the second object be 
P2i = MV2;, and that of the combined final object be pp = 2mv;. Then 


Pi,i + Poi = Pr, 


implies that we can find a triangle with sides of length pj j, po;, and pre. These lengths are 


Pi = Mi, 
P2i = Mv, 
pe = Wve = 2mv;/2 = mu, 


so this is an equilateral triangle. This means the angle between the initial velocities is 120°. 


E6-34 We need to change to the center of mass system. Since both particles have the same 
mass, the conservation of momentum problem is effectively the same as a (vector) conservation of 
velocity problem. Since one of the particles is originally at rest, the center of mass moves with 
speed Vem = U1i/2. In the figure below the center of mass velocities are primed; the transformation 
velocity is vz. 


Note that since y% = v'1; = v'2; = v'i¢ = v'a¢ the entire problem can be inscribed in a rhombus. 
The diagonals of the rhombus are the directions of vy¢ and v2¢; note that the diagonals of a rhombus 
are necessarily at right angles! 

(a) The target proton moves off at 90° to the direction the incident proton moves after the 
collision, or 26° away from the incident protons original direction. 

(b) The y components of the final momenta must be equal, so v2¢ sin(26°) = vi¢ sin(64°), or ver = 
vie tan(64°). The x components must add to the original momentum, so (514 m/s) = ve¢ cos(26°) + 
vie cos(64°), or 


vig = (514m/s)/{tan(64°) cos(26°) + cos(64°)} = 225 m/s, 


and 
vo = (225 m/s) tan(64°) = 461 m/s. 


E6-35 vem = {(3.16 kg)(15.6 m/s) + (2.84kg)(—12.2 m/s) }/{(3.16 kg) + (2.84kg)} = 2.44m/s, pos- 
itive means to the left. 
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P6-1| The force is the change in momentum over change in time; the momentum is the mass time 
velocity, so 


Ap mAv m 
At At me he 


since ps is the mass per unit time. 


P6-2 (a) The initial momentum is p; = (1420kg)(5.28m/s)j = 7500kg- m/sj. After making the 
right hand turn the final momentum is pp = 7500kg-m/si. The impulse is J = 7500kg - m/si — 
7500kg - m/sj, which has magnitude J = 10600kg - m/s. 

(b) During the collision the impulse is J = 0— 7500 kg-m/si. The magnitude is J = 7500 kg-m/s. 

(c) The average force is F = J/t = (10600 kg - m/s)/(4.60s) = 2300N. 

(d) The average force is F = J/t = (7500 kg - m/s) /(0.350s) = 21400N. 


P6-3 (a) Only the component of the momentum which is perpendicular to the wall changes. Then 
J = Ap = —2(0.325 kg) (6.22 m/s) sin(33°)j = —2.20kg - m/sj. 
(b) F = —J/t = —(—2.20kg - m/sj) /(0.0104s) = 212. 


P6-4 The change in momentum of one bullet is Ap = 2mv = 2(0.0030 kg)(500 m/s) = 3.0kg-m/s. 
The average force is the total impulse in one minute divided by one minute, or 


F., = 100(3.0kg - m/s)/(60s) = 5.0N. 


P6-5 (a) The volume of a hailstone is V = 4rr?/3 = 47(0.5 cm)?/3 = 0.524 cm. The mass of a 
hailstone is m = pV = (9.2x 10~4kg/cm?*) (0.524 em) = 4.8x 1074kg. 
(b) The change in momentum of one hailstone when it hits the ground is 


Ap = (4.8x10~*kg)(25 m/s) = 1.2x10~?kg - m/s. 


The hailstones fall at 25 m/s, which means that in one second the hailstones in a column 25m high 
hit the ground. Over an area of 10m x 20m then there would be (25 m)(10m)(20m) = 500m? worth 
of hailstones, or 6.00 x 10° hailstones per second striking the surface. Then 


Fay = 6.00x10°(1.2x 107? kg - m/s) /(1s) = 7200N. 


P6-6 Assume the links are not connected once the top link is released. Consider the link that 
starts h above the table; it falls a distance h in a time t = \/2h/g and hits the table with a speed 
v = gt = \/2hg. When the link hits the table h of the chain is already on the table, and L — h is yet 
to come. The linear mass density of the chain is M/Z, so when this link strikes the table the mass is 
hitting the table at a rate dm/dt = (M/L)v = (M/L)\/2hg. The average force required to stop the 
falling link is then vdm/dt = (M/L)2hg = 2(M/L)hg. But the weight of the chain that is already 
on the table is (7/L)hg, so the net force on the table is the sum of these two terms, or F = 3W. 


P6-7| The weight of the marbles in the box after a time t is mgRt because Rt is the number of 
marbles in the box. 

The marbles fall a distance h from rest; the time required to fall this distance is t = \/2h/g, 
the speed of the marbles when they strike the box is v = gt = W2gh. The momentum each marble 
imparts on the box is then m,/2gh. If the marbles strike at a rate R then the force required to stop 
them is Rmv/2gh. 
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The reading on the scale is then 


W =mR(V/2gh+4 gt). 


This will give a numerical result of 


(4.60 x 10~3kg) (115 s~+) (v2.81 m/s?)(9.62 m) + (9.81 m/s?) (6.50 s)) = 41.0N. 


P6-8 (a) v= (108kg)(9.74 m/s) /(108 kg + 1930 kg) = 0.516 m/s. 
(b) Label the person as object 1 and the car as object 2. Then m v1 + me2v2 = (108kg)(9.74 m/s) 
and vy = vo + 0.520m/s. Combining, 


v2 = [1050 kg - m/s — (0.520 m/s)(108kg)]/(108kg + 1930kg) = 0.488 m/s. 


P6-9 (a) It takes a time t; = \/2h/g to fall h = 6.5 ft. An object will be moving at a speed 
v1 = gti = V2hg after falling this distance. If there is an inelastic collision with the pile then the 
two will move together with a speed of ve = Mv, /(M +m) after the collision. 
If the pile then stops within d = 1.5 inches, then the time of stopping is given by tg = d/(v2/2) = 
2d/v2 . 
For inelastic collisions this corresponds to an average force of 
(M+m)v2  (M+m)v3 M? vi (gM)? h 


Bigg = = = = bs 
to 2d 2M+m)d g(M+m)d 


Note that we multiply through by g to get weights. The numerical result is F’,4, = 130 t. 
(b) For an elastic collision vg = 2Mv,/(M +m); the time of stopping is still expressed by 
tz = 2d/v2, but we now know Fy instead of d. Then 
mv2  mv3 4AMmv} 2(gM)(gm) h 


Pay = . 
ty 2d (M+m)d  g(M+m) d 


or 
2(gM)(gm) h 


g (M a m) aa 

which has a numerical result of d = 0.51 inches. 

But wait! The weight, which just had an elastic collision, “bounced” off of the pile, and then hit 
it again. This drives the pile deeper into the earth. The weight hits the pile a second time with a 
speed of v3 = (M—m)/(M-+m)v1; the pile will (in this second elastic collision) then have a speed of 
ug = 2M(M+m)v3 = [(M —m)/(M+m)]v2. In other words, we have an infinite series of distances 
traveled by the pile, and if a = [(M — _m)/(M + m)] = 0.71, the depth driven by the pile is 

d 
1— a?’ 


d= 


dp =d(lta?+a*+a°%-.)= 
or d= 1.03. 


P6-10 The cat jumps off of sled A; conservation of momentum requires that Mv4i+m(vait+vc) = 
0, or 


VAI = —Mv_e/(m + M) = —(3.63 kg)(3.05 m/s) /(22.7kg + 3.63 kg) = —0.420 m/s. 


The cat lands on sled B; conservation of momentum requires vg. = m(va,i + Uc)/(m+ M). The 
cat jumps off of sled B; conservation of momentum is now 


Mvp.2+ m(vg,2 — ve) = M(v4,1 + ve), 
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or 
vp.2 = 2mv-/(m + M) = (3.63ke)[(—0.420 m/s) + 2(3.05 m/s)|/(22.7kg + 3.63 kg) = 0.783m/s. 
The cat then lands on cart A; conservation of momentum requires that (M+m)v,4.2 = —Mvg_, or 


Vag = —(22.7kg)(0.783 m/s) /(22.7 kg + 3.63 kg) = —0.675 m/s. 


P6-11| We align the coordinate system so that west is +x and south is +y. The each car 
contributes the following to the initial momentum 


A: (2720 Ib/g)(38.5 mi/h)i = 1.05x10° Ib- mi/h/gi, 
B_: (3640 Ib/g)(58.0 mi/h)j = 2.11 10° lb - mi/h/gj. 


These become the components of the final momentum. The direction is then 


2.11% 10° Ib - mi/h/g 


6 = arct 
ane" 1.05 x 10° Ib - mi/h/g 


= 63.5°, 


south of west. The magnitude is the square root of the sum of the squares, 

2.36 x 10° Ib - mi/h/g, 
and we divide this by the mass (6360 Ib/g) to get the final speed after the collision: 37.1 mi/h. 
P6-12 (a) Ball A must carry off a momentum of p = mgvi—mgv/2j, which would be in a direction 


6 = arctan(—0.5/1) = 27° from the original direction of B, or 117° from the final direction. 
(b) No. 


P6-13 (a) We assume all balls have a mass m. The collision imparts a “sideways” momentum to 
the cue ball of m(3.50 m/s) sin(65°) = m(3.17m/s). The other ball must have an equal, but opposite 
“sideways” momentum, so —m(3.17 m/s) = m(6.75 m/s) sin 8, or 6 = —28.0°. 

(b) The final “forward” momentum is 


m(3.50 m/s) cos(65°) + m(6.75 m/s) cos(—28°) = m(7.44m/s), 
so the initial speed of the cue ball would have been 7.44 m/s. 


P6-14 Assuming M > m, Eq. 6-25 becomes 
vop = 204; — Vij = 2(13 km/s) — (—12 km/s) = 38 km/s. 


P6-15| (a) We get 


2(220 g) 
(220 g) + (46.0 g) 
(b) Doubling the mass of the clubhead we get 

2(440 g) 
(440 g) + (46.0 g) 
(c) Tripling the mass of the clubhead we get 

2(660 g) 
(660 g) + (46.0 g) 


Although the heavier club helps some, the maximum speed to get out of the ball will be less than 
twice the speed of the club. 


(45.0 m/s) = 74.4m/s. 


V2.6 = 


vo¢ = (45.0 m/s) = 81.5m/s. 


v2f = (45.0 m/s) = 84.1 m/s. 
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P6-16 There will always be at least two collisions. The balls are a, b, and c from left to right. 
After the first collision between a and b one has 


Up,1 = Vo and vai = 0. 
After the first collision between b and c one has 
Ver = 2mu9/(m+ M) and vw. = (m— M)vo/(m+ M). 


(a) Ifm > M then ball 6 continue to move to the right (or stops) and there are no more collisions. 
(b) If m < M then ball b bounces back and strikes ball a which was at rest. Then 


Va,2 = (m— M)uo/(m + M) and v%,3 = 0. 


P6-17 All three balls are identical in mass and radii? Then balls 2 and 3 will move off at 30° to 
the initial direction of the first ball. By symmetry we expect balls 2 and 3 to have the same speed. 

The problem now is to define an elastic three body collision. It is no longer the case that the 
balls bounce off with the same speed in the center of mass. One can’t even treat the problem as two 
separate collisions, one right after the other. No amount of momentum conservation laws will help 
solve the problem; we need some additional physics, but at this point in the text we don’t have it. 


P6-18 The original speed is vp in the lab frame. Let a be the angle of deflection in the cm frame 
and v‘, be the initial velocity i in the cm frame. Then the velocity after the collision i in the cm frame 
is vj cos ai + v;, sina@j and the velocity in the lab frame is (vj cosa + v)i + vj sin aj, where v is the 
speed of the cm frame. The deflection angle in the lab frame is 


6 = arctan[(v} sina)/(vj cosa + v)], 
but v = myv9/(m1 + m2) and v} = vo — v so Uy = M2v0/(mM1 + m2) and 
6 = arctan[(m2 sin a)/(m2 cosa@+m})]. 


(c) @ is a maximum when (cosa + mj,/mz2)/sina is a minimum, which happens when cosa = 
—m/mMe if my < mg. Then [(me2sin a)/(m2 cosa +m)] can have any value between —oo and oo, 
so 6 can be between 0 and 7. 

(a) If m, > mg then (cosa +m4/m2)/sina is a minimum when cos a@ = —m2/m1, then 


[(mz2 sin a) /(m2 cos a + m1)] = M2/\/mz — m3. 


If tan@ = m2/./m? — m2 then mz, is like a hypotenuse and mz the opposite side. Then 


cos 8 = 4/m? — m3/m, = V/1— (m2/m;)?. 

(b) We need to change to the center of mass system. Since both particles have the same mass, 
the conservation of momentum problem is effectively the same as a (vector) conservation of velocity 
problem. Since one of the particles is originally at rest, the center of mass moves with speed 
Vem = U1i/2. In the figure below the center of mass velocities are primed; the transformation 
velocity is v;. 
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Note that since y% = v'4j = v'o, = v'1¢ = v'o¢ the entire problem can be inscribed in a rhombus. 
The diagonals of the rhombus are the directions of vig and v2¢; note that the diagonals of a rhombus 
are necessarily at right angles! 


P6-19| (a) The speed of the bullet after leaving the first block but before entering the second can 
be determined by momentum conservation. 


Pp = Pi, 
Pfpl + Pfbu = Pi,bl + Di,bus 
Mplvebl + Mpuleypu = Mpivi,pl + Mpuri,buy 
(1.78kg) (1.48 m/s) +(3.54x 107%kg)(1.48m/s) = (1.78kg)(0)+(3.54x 107%kg) vi bu, 


which has solution v;,p1 = 746 m/s. 
(b) We do the same steps again, except applied to the first block, 
Pr = Pi, 
Pt,b1 + Ptbu = Pi,bl + Pi,buy 
MblUE,bl + MpuVE,bu Mbp1Vi,bl + MpuVi,bu; 
(1.22k¢) (0.63 m/s) +(3.54x 107~%kg)(746 m/s) = (1.22kg)(0)+(3.54x107*kg) ui bu, 


which has solution v;,p1 = 963 m/s. 


P6-20 The acceleration of the block down the ramp is a; = gsin(22°). The ramp has a length of 
d = h/sin(22°), so it takes a time t) = \/2d/a, = \/2h/g/sin(22°) to reach the bottom. The speed 
when it reaches the bottom is v1 = a,t, = /2gh. Notice that it is independent of the angle! 

The collision is inelastic, so the two stick together and move with an initial speed of vg = 
m,v1/(m, + mz). They slide a distance x before stopping; the average speed while decelerating is 
Vav = V2/2, so the stopping time is tg = 2x/v2 and the deceleration is az = v2/t2 = v3/(2x). If the 
retarding force is f = (m, + mg)ag, then f = (m1 + mg2)g. Glue it all together and 

m2 h (2.0 kg)? (0.65 m) 


— — = 1 . 
Mm tm t (2.0kg+3.5ke) (0.57m) ve 
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P6-21 (a) For an object with initial speed v and deceleration —a which travels a distance x before 
stopping, the time t to stop is t = v/a, the average speed while stopping is v/2, and d = at?/2. 
Combining, v = /2ax. The deceleration in this case is given by a = pkg. 

Then just after the collision 


va = \/2(0.130)(9.81 m/s?) (8.20m) = 4.57m/s, 


while 


vp = \/2(0.130) (9.81 m/s?)(6.10 m) = 3.94m/s, 
(b) vo = [(1100 kg) (4.57 m/s) + (1400kg) (3.94 m/s)]/(1400 kg) = 7.53 m/s. 
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E7-1 tem = (7.36 x 10?2kg) (3.82 x 108m) /(7.36 x 10?2kg + 5.98 x 103*kg) = 4.64 10m. This is less 
than the radius of the Earth. 


E7-2_ If the particles are / apart then 
xy =m U(m, + m2) 
is the distance from particle 1 to the center of mass and 
LQ = Mgl(m, + m2) 
is the distance from particle 2 to the center of mass. Divide the top equation by the bottom and 


x1 /x2 = m,/mMo. 


E7-3;| The center of mass velocity is given by Eq. 7-1, 


+ M1V1 + M2V2 
Memv = “S45 
My, + Ms, 
_ (2210 kg)(105 km/h) + (2080 kg) (43.5 km/h) _ 9) In. 
(2210 kg) + (2080 kg) 


E7-4 They will meet at the center of mass, so 


Lem = (65kg)(9.7 m)/(65kg + 42kg) = 5.9m. 


E7-5 (a) No external forces, center of mass doesn’t move. 
(b) The collide at the center of mass, 


Lem = (4.29 kg) (1.64 m) /(4.29kg + 1.43kg) = 1.23 m. 


E7-6 The range of the center of mass is 
R= ve sin 20 /g = (466 m/s)? sin(2 x 57.4°)/(9.81 m/s”) = 2.01 x 10* m. 


Half lands directly underneath the highest point, or 1.00 104m. The other piece must land at 2, 
such that 
2.01 x 104m = (1.00104 m + «)/2; 


then x = 3.02104 m. 


E7-7;| The center of mass of the boat + dog doesn’t move because there are no external forces on 
the system. Define the coordinate system so that distances are measured from the shore, so toward 
the shore is in the negative x direction. The change in position of the center of mass is given by 


maAxg +mpAx 
Ko co aa b bea 
Md + Mp 
Both Awg and Az, are measured with respect to the shore; we are given Arg, = —8.50 ft, the 


displacement of the dog with respect to the boat. But 


Agra = Atay + ALp. 
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Since we want to find out about the dog, we’ll substitute for the boat’s displacement, 


i maAra + mp (Axa _ Axap) 
Md + ™Mp , 


Rearrange and solve for Arg. Use W = mg and multiply the top and bottom of the expression by 


g. Then 
mAra g _ (46.4 Ib)(—8.50 ft) _ 6.90 ft. 


Matmyg  (10.81b)+ (46.4 1b) 
The dog is now 21.4 — 6.9 = 14.5 feet from shore. 


Arg = 


E7-8 Richard has too much time on his hands. 

The center of mass of the system is tem away from the center of the boat. Switching seats is 
effectively the same thing as rotating the canoe through 180°, so the center of mass of the system 
has moved through a distance of 2%. = 0.412m. Then rey = 0.206m. Then 


Lem = (M1 — ml)/(M+m+m-_) = 0.206m, 
where |= 1.47m, M = 78.4kg, m. = 31.6 kg, and m is Judy’s mass. Rearrange, 


— Ml=(M+me)tem _ (78.4kg)(1.47 m) — (78.4kg + 31.6 kg) (0.206 m) 
7 1+ tem 7 (1.47 m) + (0.206 m) 


= 55.2ke. 


m 


E7-9 It takes the man ¢ = (18.2m)/(2.08 m/s) = 8.75s to walk to the front of the boat. During 
this time the center of mass of the system has moved forward x = (4.16 m/s)(8.75s) = 36.4m. But 
in walking forward to the front of the boat the man shifted the center of mass by a distance of 
(84.4kg)(18.2 m) /($4.4 kg + 425 kg) = 3.02 m, so the boat only traveled 36.4m — 3.02m = 33.4m. 


E7-10 Do each coordinate separately. 
(3kg)(0) + (8kg)(.m) + (4kg)(2m) 


on = ke) + (BKg) FA) 
and 
_ (Bkg)(0) + 8ke)(2m) + (4kg)(1m) _ | gg 
Yom = “~~ (@kg) + (8ke) + 4ke) 


E7-11| The center of mass of the three hydrogen atoms will be at the center of the pyramid 
base. The problem is then reduced to finding the center of mass of the nitrogen atom and the three 
hydrogen atom triangle. This molecular center of mass must lie on the dotted line in Fig. 7-27. 
The location of the plane of the hydrogen atoms can be found from Pythagoras theorem 


yn = V(10.14x 10-"m)? — (9.40 10-!!m)? = 3.8x 107" im. 


This distance can be used to find the center of mass of the molecule. From Eq. 7-2, 


MnYn +MpYh — (13.9my)(0) + (3mp) (3.8 x 1071*m) 


= i = 6.75x107'?m. 
¢ Mn +My (13.9mn) + (3771) aap ie 


E7-12 The velocity components of the center of mass at t = 1.42s are Umm, = 7.3m/s and 
Vem,y = (10.0 m/s) — (9.81 m/s)(1.42s) = —3.93m/s. Then the velocity components of the “other” 
piece are 

V2.2 = [(9-6kg)(7.3 m/s) — (6.5 kg)(11.4m/s)]/(3.1kg) = —1.30m/s. 


and 
v2,y = [(9.6 kg)(—3.9 m/s) — (6.5kg)(—4.6 m/s)]/(3.1kg) = —2.4m/s. 
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E7-13| The center of mass should lie on the perpendicular bisector of the rod of mass 3M. We 
can view the system as having two parts: the heavy rod of mass 3M and the two light rods each of 
mass M. The two light rods have a center of mass at the center of the square. 

Both of these center of masses are located along the vertical line of symmetry for the object. 
The center of mass of the heavy bar is at ynem = 0, while the combined center of mass of the two 
light bars is at yim = L/2, where down is positive. The center of mass of the system is then at 


= 2M yi.cm + 3M Ynicm = 2(L/2) = L/5 
eS OMEaM. Oo Ba 


E7-14 The two slabs have the same volume and have mass m; = pjV. The center of mass is 
located at 


(7.85 g/cm®) — (2.70 g/cm*) 


= 2.68 cm 
(7.85 g/cm®) + (2.70 g/cm”) 


tex = = = (5.5 cm) 
from the boundary inside the iron; it is centered in the y and z directions. 


E7-15 Treat the four sides of the box as one thing of mass 4m with a mass located 1/2 above the 
base. Then the center of mass is 


Zem = (L/2)(4m)/(4m + m) = 21/5 = 2(0.4m)/5 = 0.16 m, 


Lom = Yem = 0.2m. 


E7-16 One piece moves off with momentum m(31.4m/s)i, another moves off with momentum 
2m(31.4m/s)j. The third piece must then have momentum —m(31.4m/s)i — 2m(31.4m/s)j and 
velocity —(1/3)(31.4m/s)i — 2/3(31.4m/s)j = —10.5m/si— 20.9m/sj. The magnitude of v3 is 
23.4m/s and direction 63.3° away from the lighter piece. 


E7-17 It will take an impulse of (84.7 kg) (3.87 m/s) = 328kg- m/s to stop the animal. This would 
come from firing n bullets where n = (328 kg - m/s) /[(0.0126 kg) (975 m/s) = 27. 


E7-18 Conservation of momentum for firing one cannon ball of mass m with muzzle speed vu, 
forward out of a cannon on a trolley of original total mass MM moving forward with original speed 
Vo is 

Mvp = (M — m)v, + m(ve + v1) = Mv, + mr, 
where v, is the speed of the trolley after the cannonball is fired. Then to stop the trolley we require 
nm cannonballs be fired so that 


n = (Mvp) /(mve) = [(3500 kg) (45 m/s)|/[(65 kg) (625 m/s)] = 3.88, 


son=4. 


E7-19| Label the velocities of the various containers as V; where k is an integer between one and 
twelve. The mass of each container is m. The subscript “g” refers to the goo; the subscript k refers 
to the Ath container. 

The total momentum before the collision is given by 


P= > MVE; + MgVg,i = 12MVcont.,om + MgVe,i- 
k 
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We are told, however, that the initial velocity of the center of mass of the containers is at rest, so 
the initial momentum simplifies to P= MgVei, and has a magnitude of 4000 kg-m/s. 
(a) Then 
= P m (4000 kg-m/s) 
vem T2m+m,  12(100.0kg) + (50kg) 


(b) It doesn’t matter if the cord breaks, we’ll get the same answer for the motion of the center 
of mass. 


= 3.2m/s. 


E7-20 (a) F = (3270 m/s)(480kg/s) = 1.57x10°N. 
(b) m = 2.55 x 10°kg — (480 kg/s)(250s) = 1.35 x 10°kg. 
(c) Eq. 7-32: 


vp = (—3270 m/s) In(1.35 x 10°kg/2.55 x 10°kg) = 2080 m/s. 


E7-21| Use Eq. 7-32. The initial velocity of the rocket is 0. The mass ratio can then be found 
from a minor rearrangement; 


M; 

My 
The “flipping” of the left hand side of this expression is possible because the exhaust velocity is 
negative with respect to the rocket. For part (a) M;i/M, = e = 2.72. For part (b) M;/M, = e? = 
7.39. 


— plve/rreil 
=e 


E7-22 Eq. 7-32 rearranged: 
Me 
MM; 


The fraction of the initial mass which is discarded is 0.0182. 


— e lAv/eret| = e7 (22-6m/s) /(1230m/s) = 0.982. 


E7-23 The loaded rocket has a weight of (1.11x10°kg) (9.81 m/s”) = 1.09x10°N; the thrust must be 
at least this large to get the rocket off the ground. Then v > (1.09x10°N) /(820kg/s) = 1.33x10°m/s 
is the minimum exhaust speed. 


E7-24 The acceleration down the incline is (9.8m/s?) sin(26°) = 4.3m/s?. It will take t = 
\/2(93 m)/(4.3 m/s?) = 6.6s. The sand doesn’t affect the problem, so long as it only “leaks” out. 


E7-25| We'll use Eq. 7-4 to solve this problem, but since we are given weights instead of mass 
we'll multiply the top and bottom by g like we did in Exercise 7-7. Then 


= = = ~ 
Mm 1V1 + ™M2V2 Gg iP Wiv, Te Wo2V2 


4 ae 
Vem — 


m+tme g W,+We 
Now for the numbers 
(9.75 T)(1.36 m/s) + (0.50 T)(0) 


cm — = 1.29 3. 
‘ (9.75 T) + (0.50 T) ans 


P7-1 (a) The balloon moves down so that the center of mass is stationary; 
0= Mupt mum = Mvp + m(v+ vp), 
or Up = —mv/(m+ M). 
(b) When the man stops so does the balloon. 
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P7-2 (a) The center of mass is midway between them. 
(b) Measure from the heavier mass. 


Lem = (0.0560 m)(0.816 kg) /(1.700 kg) = 0.0269 m, 


which is 1.12 mm closer to the heavier mass than in part (a). 
(c) Think Atwood’s machine. The acceleration of the two masses is 


a = 2Amg/(m1 + m2) = 2(0.034kg)g/(1.700 kg) = 0.0400g, 
the heavier going down while the lighter moves up. The acceleration of the center of mass is 


dem = (am, — amg)/(m1 + m2) = (0.0400g)2(0.034 kg) g/(1.700 kg) = 0.00160g. 


P7-3| This is a glorified Atwood’s machine problem. The total mass on the right side is the mass 
per unit length times the length, m, = Ax; similarly the mass on the left is given by m; = A(L— 2). 
Then 


m2—-™M4 At — (LZ — 2) 22 — L 
a= = = 


which solves the problem. The acceleration is in the direction of the side of length x if « > L/2. 


P7-4 (a) Assume the car is massless. Then moving the cannonballs is moving the center of mass, 
unless the cannonballs don’t move but instead the car does. How far? L. 
(b) Once the cannonballs stop moving so does the rail car. 


P7-5| By symmetry, the center of mass of the empty storage tank should be in the very center, 
along the axis at a height yt,.cm = H/2. We can pretend that the entire mass of the tank, m = M, 
is located at this point. 

The center of mass of the gasoline is also, by symmetry, located along the axis at half the height of 
the gasoline, yg.cm = 2/2. The mass, if the tank were filled to a height H, is m; assuming a uniform 
density for the gasoline, the mass present when the level of gas reaches a height x is my = ma/H. 

(a) The center of mass of the entire system is at the center of the cylinder when the tank is full 
and when the tank is empty. When the tank is half full the center of mass is below the center. So as 
the tank changes from full to empty the center of mass drops, reaches some lowest point, and then 
rises back to the center of the tank. 

(b) The center of mass of the entire system is found from 


pe MeYe,cm + MYtzem _ (ma/H)(x/2) + (M)(H/2) _ maz? + MH? 


Mg +m, (ma/H) + (M) ~ Imax +2M HA" 


Take the derivative: 
dycem — ™m (ma? + 2¢MH — MH?) 


dx (ma + MH)? 


Set this equal to zero to find the minimum; this means we want the numerator to vanish, or mx? + 


2aM H — MH? =0. Then 
_ —M + VM? +mM |, 
a . 
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P7-6 ‘The center of mass will be located along symmetry axis. Call this the x axis. Then 


1 
Git + i az f eam, 
M 
4 R pV R?2-2? 
a dyd 
cof fava 
4 R 
= on rv R?2 — x? dz, 
TR 0 
4 4R 
ee ee ee 
aR? / 30 


P7-7 (a) The components of the shell velocity with respect to the cannon are 
Uv, = (556 m/s) cos(39.0°) = 432 m/s and v,, = (556 m/s) sin(39.0°) = 350 m/s. 


The vertical component with respect to the ground is the same, vy = Oh; but the horizontal compo- 
nent is found from conservation of momentum: 


M (vz — v;,) + M(vx) = 0, 
$0 Uz, = (1400 kg) (432 m/s)(70.0kg + 1400 kg) = 411 m/s. The resulting speed is v = 540 m/s. 
(b) The direction is 6 = arctan(350/411) = 40.4°. 
P7-8 v= (2870kg)(252 m/s) /(2870 ke + 917kg) = 191 m/s. 


P7-9 It takes (1.5m/s)(20kg) = 30N to accelerate the luggage to the speed of the belt. The 
people when taking the luggage off will (on average) also need to exert a 30 N force to remove it; 
this force (because of friction) will be exerted on the belt. So the belt requires 60 N of additional 
force. 
P7-10 (a) The thrust must be at least equal to the weight, so 

dm/dt = (5860kg)(9.81 m/s”)/(1170 m/s) = 49.1kg/s. 


(b) The net force on the rocket will need to be F = (5860 kg)(18.3 m/s?) = 107000 N. Add this 
to the weight to find the thrust, so 


dm/dt = [107000 N + (5860 kg)(9.81 m/s”)]/(1170 m/s) = 141 kg/s 


P7-11| Consider Eq. 7-31. We want the barges to continue at constant speed, so the left hand 
side of that equation vanishes. Then 


>» Foxt = Vea 
We are told that the frictional force is independent of the weight, since the speed doesn’t change the 
frictional force should be constant and equal in magnitude to the force exerted by the engine before 
the shoveling happens. Then }> Foxt is equal to the additional force required from the engines. We'll 
call it P. 

The relative speed of the coal to the faster moving cart has magnitude: 21.2 — 9.65 = 11.6 
km/h= 3.22 m/s. The mass flux is 15.4 kg/s, so P = (3.22 m/s)(15.4kg/s) = 49.6 N. The faster 
moving cart will need to increase the engine force by 49.6 N. The slower cart won’t need to do 
anything, because the coal left the slower barge with a relative speed of zero according to our 
approximation. 
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P7-12 (a) Nothing is ejected from the string, so U;e) = 0. Then Eq. 7-31 reduces to m du/dt = Fext. 
(b) Since F'ext is from the weight of the hanging string, and the fraction that is hanging is y/L, 
Fext = mgy/L. The equation of motion is then d?y/dt? = gy/L. 
(c) Take first derivative: 


dy _ Yo /Lt —\/g/Lt 
= BO (/a/D) (eV 9/4 — e-va/te) , 


and then second derivative, 


2 
oh = © /g/E) (c g/Lt 4 oe am), 


Substitute into equation of motion. It works! Note that when t = 0 we have y = yo. 
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E8-1| An n-dimensional object can be oriented by stating the position of n different carefully 
chosen points P; inside the body. Since each point has n coordinates, one might think there are n? 
coordinates required to completely specify the position of the body. But if the body is rigid then 
the distances between the points are fixed. There is a distance d;; for every pair of points P; and 
P;. For each distance dj; we need one fewer coordinate to specify the position of the body. There 
are n(n — 1)/2 ways to connect n objects in pairs, so n? — n(n — 1)/2 = n(n + 1)/2 is the number 
of coordinates required. 


E8-2 (1 rev/min)(2a rad/rev) /(60 s/min) = 0.105 rad/s. 


E8-3 (a) w=a+ 3bt? — 4ct?. 
(b) a = 6bt — 12¢?. 


E8-4 (a) The radius is r = (2.3x 104ly)(3.0 x 10°m/s) = 6.9x 10'2m - y/s. The time to make one 
revolution is t = (276.9x 10!*m - y/s) /(250 x 108m/s) = 1.7x 108y. 
(b) The Sun has made 4.5 x 10°y/1.7 x 10°y = 26 revolutions. 


E8-5/| (a) Integrate. 


t 
Wy = Wo +f (4at® = 3bt”) dt = wo + at = be 
0 
(b) Integrate, again. 
t t 1 1 
Aé = | wzdt = | (wo + at* — bt?) dt = wot + tat? — —b¢4 


E8-6 (a) (1 rev/min)(2a rad/rev)/(60 s/min) = 0.105 rad/s. 
(b) (1 rev/h)(27 rad/rev) /(3600 s/h) = 1.75x 107° rad/s. 
(c) (1/12 rev/h)(27 rad/rev) /(3600 s/h) = 1.45 x 107° rad/s. 


E8-7 85 mi/h = 125 ft/s. The ball takes t = (60 ft)/(125 ft/s) = 0.48s to reach the plate. It 
makes (30 rev/s)(0.48s) = 14 revolutions in that time. 


E8-8 It takes t = \/2(10m)/(9.81 m/s?) = 1.43s to fall 10 m. The average angular velocity is 
then w = (2.5)(27 rad)/(1.43s) = 11 rad/s. 


E8-9| (a) Since there are eight spokes, this means the wheel can make no more than 1/8 of a 
revolution while the arrow traverses the plane of the wheel. The wheel rotates at 2.5 rev/s; it 
makes one revolution every 1/2.5 = 0.4 s; so the arrow must pass through the wheel in less than 
0.4/8 = 0.05 s. 

The arrow is 0.24 m long, and it must move at least one arrow length in 0.05 s. The corresponding 
minimum speed is (0.24 m)/(0.05 s) = 4.8 m/s. 

(b) It does not matter where you aim, because the wheel is rigid. It is the angle through which 
the spokes have turned, not the distance, which matters here. 
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E8-10 We look for the times when the Sun, the Earth, and the other planet are collinear in some 
specified order. 

Since the outer planets revolve around the Sun more slowly than Earth, after one year the Earth 
has returned to the original position, but the outer planet has completed less than one revolution. 
The Earth will then “catch up” with the outer planet before the planet has completed a revolution. 
If @¢ is the angle through which Earth moved and @p is the angle through which the planet moved, 
then 0g = 0p + 27, since the Earth completed one more revolution than the planet. 


If wp is the angular velocity of the planet, then the angle through which it moves during the 
time Ts (the time for the planet to line up with the Earth). Then 


Og = Op+2r, 
WeTs = wpls +27, 
Wr = wp + 21n/Ts 


The angular velocity of a planet is w = 27/T, where T is the period of revolution. Substituting this 
into the last equation above yields 


1/Tg =1/Tp +1/Ts. 


E8-11] We look for the times when the Sun, the Earth, and the other planet are collinear in some 
specified order. 

Since the inner planets revolve around the Sun more quickly than Earth, after one year the Earth 
has returned to the original position, but the inner planet has completed more than one revolution. 
The inner planet must then have “caught-up” with the Earth before the Earth has completed a 
revolution. If #g is the angle through which Earth moved and 9p is the angle through which the 
planet moved, then 6p = 6g + 27, since the inner planet completed one more revolution than the 
Earth. 
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If wp is the angular velocity of the planet, then the angle through which it moves during the 
time Ts (the time for the planet to line up with the Earth). Then 


Op = Of+ 27, 
weTs = wells +2r, 
Wp = we +27/Ts 


The angular velocity of a planet is w = 27/T, where T is the period of revolution. Substituting this 
into the last equation above yields 


1/Tp =1/Tg +1/Ts. 


E8-12 (a) a = (—78 rev/min) /(0.533 min) = —150 rev/min’. 
(b) Average angular speed while slowing down is 39 rev/min, so (39 rev/min)(0.533 min) = 
21 rev. 


E8-13 (a) a = (2880 rev/min — 1170 rev/min) /(0.210 min) = 8140 rev/min’. 
(b) Average angular speed while accelerating is 2030 rev/min, so (2030 rev/min)(0.210 min) 
425 rev. 


I 


E8-14 Find area under curve. 


1 
368 min + 2.5 min)(3000 rev/min) = 1.13 x 104 rev. 


E8-15]| (a) woz = 25.2 rad/s; w, = 0; t= 19.7 s; and a, and ¢ are unknown. From Eq. 8-6, 


We = Woz t az, 
(0) = (25.2 rad/s) + a,(19.7 s), 
a, = —1.28 rad/s” 


(b) We use Eq. 8-7 to find the angle through which the wheel rotates. 


1 1 
o= dotwostt sat” = (0)-+(25.2 rad/s)(19.7 s) +5 (—1.28 rad/s”) (19.7 s)? = 248 rad. 
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sas 1rev. _ 
(c) 6 = 248 rad5— gq = 39.5 rev. 


E8-16 (a) a = (225 rev/min — 315 rev/min)/(1.00 min) = —90.0 rev/min’. 
(b) t = (0 — 225 rev/min) /(—90.0 rev/min”) = 2.50 min. 
(c) (—90.0 rev/min”) (2.50 min)?/2 + (225 rev/min) (2.50 min) = 281 rev. 


E8-17 (a) The average angular speed was (90 rev)/(15s) = 6.0 rev/s. The angular speed at the 
beginning of the interval was then 2(6.0 rev/s) — (10 rev/s) = 2.0 rev/s. 


(b) The angular acceleration was (10 rev/s—2.0 rev/s)/(15s) = 0.533 rev/s”. The time required 
to get the wheel to 2.0 rev/s was t = (2.0 rev/s) /(0.533 rev/s*) = 3.8. 


E8-18 (a) The wheel will rotate through an angle ¢ where 


@ = (563 cm)/(8.14 cm/2) = 138 rad. 


(b) t= 2138 rad) /(1.47 rad/s”) = 13.7s. 


E8-19| (a) We are given ¢ = 42.3 rev= 266 rad, wo, = 1.44 rad/s, and w, = 0. Assuming a 
uniform deceleration, the average angular velocity during the interval is 


1 
Way 2 = 9 (woz + We) = 0.72 rad/s. 


Then the time taken for deceleration is given by ¢ = way,zt, so t = 369 s. 
(b) The angular acceleration can be found from Eq. 8-6, 


Wy = Woz, t azt, 
(0) = (1.44 rad/s) + a,(369 s), 
a, = —3.9x 10-° rad/s’. 
(c) We'll solve Eq. 8-7 for t, 
1 2 
@ = dotwozt + got , 
1 
(133 rad) = (0) + (144 rad/s)t + 5(—3.9 x 107° rad/s”)t?, 
0 = 133+ (1.44s~*)t — (—1.95 x 1073s" 7)¢?. 


Solving this quadratic expression yields two answers: t = 108 s and t = 630 s. 

E8-20 The angular acceleration is a = (4.96 rad/s)/(2.33s) = 2.13 rad/s”. The angle through 
which the wheel turned while accelerating is 6 = (2.13 rad/s”) (23.0s)?/2 = 563 rad. The angular 
speed at this time is w = (2.13 rad/s”)(23.0s) = 49.0 rad/s. The wheel spins through an additional 
angle of (49.0 rad/s)(46s — 23s) = 1130 rad, for a total angle of 1690 rad. 

E8-21 w= (14.6m/s)/(110m) = 0.133 rad/s. 

E8-22 The linear acceleration is (25m/s— 12m/s)/(6.2s) = 2.1m/s?. The angular acceleration is 
a = (2.1 m/s?)/(0.75 m/2) = 5.6 rad/s. 
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E8-23| (a) The angular speed is given by vr = wr. Sow = vr/r = (28,700 km/hr) /(3220 
km) = 8.91 rad/hr. That’s the same thing as 2.48x 1073 rad/s. 
(b) az =w?r = (8.91 rad/h)?(3220 km) = 256000 km/h?, or 


ap = 256000 km/h?(1/3600 h/s)?(1000 m/km) = 19.8m/s?. 


(c) If the speed is constant then the tangential acceleration is zero, regardless of the shape of the 
trajectory! 


E8-24 The bar needs to make 
(1.50 cm)(12.0 turns/cm) = 18 turns. 


This will happen is (18 rev)/(237 rev/min) = 4.56s. 


E8-25 (a) The angular speed is w = (27 rad) /(86400s) = 7.27x10~° rad/s. 

(b) The distance from the polar axis is r = (6.37x10°m) cos(40°) = 4.88x10°m. The linear speed 
is then v = (7.27x 107° rad/s)(4.88 x 10°m) = 355 m/s. 

(c) The angular speed is the same as part (a). The distance from the polar axis is r = (6.37 x 
10°m) cos(0°) = 6.37x10°m. The linear speed is then v = (7.27x10~° rad/s) (6.37x10°m) = 463 m/s. 


E8-26 (a) ap = (14.2 rad/s”) (0.0283 m) = 0.402 m/s?. 
(b) Full speed is w = 289 rad/s. ag = (289 rad/s)?(0.0283 m) = 2360 m/s?. 
(c) It takes 
t = (289 rad/s) /(14.2 rad/s”) = 20.48 


to get up to full speed. Then x = (0.402 m/s?)(20.4s)?/2 = 83.6 m is the distance through which a 
point on the rim moves. 


E8-27| (a) The pilot sees the propeller rotate, no more. So the tip of the propeller is moving with 
a tangential velocity of vr = wr = (2000 rev/min) (27 rad/rev)(1.5 m) = 18900 m/min. This is the 
same thing as 315 m/s. 

(b) The observer on the ground sees this tangential motion and sees the forward motion of 
the plane. These two velocity components are perpendicular, so the magnitude of the sum is 
\/(315 m/s)? + (133 m/s)? = 342 m/s. 


E8-28 ay =ap when ra= ru? = r(at)’, ort = /1/(0.236 rad/s”) = 2.06s. 


E8-29 (a) ag =rw? =ra?t?. 
(b) ap = ra. 
(c) Since ag = ar tan(57.0°), t = ,/tan(57.0°)/a. Then 
1 


1 
d= yout as tan(57.0°) = 0.77 rad = 44.1°. 


E8-30 (a) The tangential speed of the edge of the wheel relative axle is v = 27m/s. w = 
(27 m/s) /(0.38 m) = 71 rad/s. 

(b) The average angular speed while slowing is 71 rad/s/2, the time required to stop is then 
t = (30 x 27 rad)/(71 rad/s/2) = 5.3s. The angular acceleration is then a = (—71 rad/s) /(5.38) = 
—13 rad/s. 

(c) The car moves forward (27 m/s/2)(5.3s) = 72m. 
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E8-31 Yes, the speed would be wrong. The angular velocity of the small wheel would be w = vu; /rs, 
but the reported velocity would be v = wr; = v;r|/rs. This would be in error by a fraction 


Av (72 cm) 
Ut (62 cm) ete 


E8-32 (a) Square both equations and then add them: 
x? +y? = (Reoswt)? + (Rsinwt)? = R?, 


which is the equation for a circle of radius R. 


(b) vz = —Rwsinwt = —wy; vy = Rwcoswt = wx. Square and add, v = wR. The direction is 
tangent to the circle. 
(b) ay = —Rw* coswt = —w*x; ay = —Rw*sinwt = —w*y. Square and add, a = w*R. The 


direction is toward the center. 


E8-33| (a) The object is “slowing down”, so @ = (—2.66 rad/s2)k. We know the direction 
because it_is rotating about the z axis and we are given the direction of J. Then from Eq. 8-19, 
=@xR = (14.3 rad/s)k x [(1.83 m)j + (1.26 m)k]. But only the cross term k x j survives, so 
= (—26.2m/s)i. 

(b) We find the acceleration from Eq. 8-21, 


Vv 
Vv 


a= ax R+ a xX Vv, 
= (2.66 rad/s”)k x [(1.83m)j + (1.26 m)k] + (14.3 rad/s)k x (—26.2 m/s)i, 
= (4.87 m/s?)i + (—375 m/s?)j. 


E8-34 (a) F = —2mo x ¥ = —2mwvcos 6, where @ is the latitude. Then 
F = 2(12kg)(27 rad/86400 s)(35 m/s) cos(45°) = 0.043 N, 


and is directed west. 

(b) Reversing the velocity will reverse the direction, so east. 

(c) No. The Coriolis force pushes it to the west on the way up and gives it a westerly velocity; 
on the way down the Coriolis force slows down the westerly motion, but does not push it back east. 
The object lands to the west of the starting point. 


P8-1 (a) w = (4.0 rad/s) — (6.0 rad/s”)t + (3.0 rad/s)t?. Then w(2.0s) = 4.0 rad/s and w(4.0s) = 
28.0 rad/s. 

(b) Qay = (28.0 rad/s — 4.0 rad/s) /(4.0s — 2.0s) = 12 rad/s?. 

(c) a = —(6.0 rad/s”) + (6.0 rad/s)t. Then a(2.0s) = 6.0 rad/s” and a(4.0s) = 18.0 rad/s”. 


P8-2 If the wheel really does move counterclockwise at 4.0 rev/min, then it turns through 
(4.0 rev/min) /[(60 s/min)(24 frames/s)] = 2.78x 107? rev/frame. 


This means that a spoke has moved 2.78 x 1073 rev. There are 16 spokes each located 1/16 of a 
revolution around the wheel. If instead of moving counterclockwise the wheel was instead moving 
clockwise so that a different spoke had moved 1/16 rev — 2.78 x 107% rev = 0.0597 rev, then the 
same effect would be present. The wheel then would be turning clockwise with a speed of w = 
(0.0597 rev)(60 s/min)(24 frames/s) = 86 rev/min. 
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P8-3 (a) In the diagram below the Earth is shown at two locations a day apart. The Earth rotates 
clockwise in this figure. 


Note that the Earth rotates through 27 rad in order to be correctly oriented for a complete 
sidereal day, but because the Earth has moved in the orbit it needs to go farther through an angle 
@ in order to complete a solar day. By the time the Earth has gone all of the way around the sun 
the total angle @ will be 27 rad, which means that there was one more sidereal day than solar day. 

(b) There are (365.25 d)(24.000 h/d) = 8.7660 x 10° hours in a year with 265.25 solar days. But 
there are 366.25 sidereal days, so each one has a length of 8.7660 x 10? /366.25 = 23.934 hours, or 23 
hours and 56 minutes and 4 seconds. 


P8-4 (a) The period is time per complete rotation, so w = 27/T. 
(b) a = Aw/At, so 


20 27 
«= (Far 7) (Oo. 
Qn —AT 
~ At (aan): 
.~ 2A 
~ Re 
Qn —(1.26 x 10~°s) 


- 930% 10 Sse. 
(3.16 x 107s) (0.033 s)2 30x 10° *rad/s 


(c) t = (27/0.033 s) /(2.30 x 10-°rad/s”) = 8.28 x 10!s, or 2600 years. 
(d) 27/T = 20/T — at, or 


Ths (1/(0.033 s) — (—2.3x 107®rad/s?)(3.0x 10° s)/(2n)) = 0.024s. 


P8-5| The final angular velocity during the acceleration phase is w, = a,t = (3.0 rad/s)(4.0 
s) = 12.0 rad/s. Since both the acceleration and deceleration phases are uniform with endpoints 
w, = 0, the average angular velocity for both phases is the same, and given by half of the maximum: 
Way,z = 6.0 rad/s. 
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The angle through which the wheel turns is then 
~ = Way, zt = (6.0 rad/s)(4.1s) = 24.6 rad. 


The time is the total for both phases. 

(a) The first student sees the wheel rotate through the smallest angle less than one revolution; 
this student would have no idea that the disk had rotated more than once. Since the disk moved 
through 3.92 revolutions, the first student will either assume the disk moved forward through 0.92 
revolutions or backward through 0.08 revolutions. 

(b) According to whom? We’ve already answered from the perspective of the second student. 


P8-6 w = (0.652 rad/s”)t and a = (0.652 rad/s”). 
(a) w = (0.652 rad/s”)(5.60s) = 3.65 rad/s 
) 


(b) vp = wr = (3.65 rad/s)(10.4m) = 38 m/s. 
(c) ay = ar = (0.652 rad/s”)(10.4m) = 6.78 m/s?. 
(d) ag = wr = (3.65 rad/s)?(10.4m) = 139 m/s?. 


P8-7 (a) w = (27 rad)/(3.16x 107s) = 1.99x1077 rad/s. 
(b) vp = wR = (1.99 107" rad/s)(1.50 x 10'1m) = 2.99 x 104m/s. 
(c) ag = w?R = (1.99x 1077 rad/s)?(1.50 x 10!!m) = 5.94 x 1073m/s?. 


P8-8 (a) a = (—156 rev/min) /(2.2 x 60 min) = —1.18 rev/min’. 

(b) The average angular speed while slowing down is 78 rev/min, so the wheel turns through 
(78 rev/min)(2.2 x 60 min) = 10300 revolutions. 

(c) ap = (2m rad/rev)(—1.18 rev/min”)(0.524m) = —3.89 m/min”. That’s the same as —1.08x 
10-3m/s?. 

(d) an = (2m rad/rev)(72.5 rev/min)?(0.524m) = 1.73 x 104 m/min”. That’s the same as 
4.81m/s?. This is so much larger than the ay term that the magnitude of the total linear ac- 
celeration is simply 4.81m/s?. 


P8-9| (a) There are 500 teeth (and 500 spaces between these teeth); so disk rotates 27/500 rad 
between the outgoing light pulse and the incoming light pulse. The light traveled 1000 m, so the 
elapsed time is t = (1000 m)/(3x 10° m/s) = 3.33x 1078s. 

Then the angular speed of the disk is w, = ¢/t = 1.26 x10~? rad) /(3.33 x 10-°s) = 3800 rad/s. 
(b) The linear speed of a point on the edge of the would be 


ur = wR = (3800 rad/s)(0.05 m) = 190 m/s. 
P8-10 The linear acceleration of the belt is a = agr,. The angular acceleration of C is ag = 
a/rc = aa(ra/rc). The time required for C to get up to speed is 


(27 rad/rev)(100 rev/min)(1/60 min/s) 
(1.60 rad/s*)(10.0/25.0) 


t= = 164s. 


P8-11 (a) The final angular speed is wp = (130 cm/s) /(5.80 cm) = 22.4 rad/s. 
(b) The recording area is 7(R.? — R;”), the recorded track has a length | and width w, so 


pa m[(5.80 cm)? — (2.50 cm?)] 


= 5.38 x 10° cm. 
(1.60 x 10-4 em) oe 


(c) Playing time is t = (5.38 x 10° cm)/(130 cm/s) = 4140s, or 69 minutes. 
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P8-12 The angular position is given by ¢ = arctan(vt/b). The derivative (Maple!) is 


ub 
eh TOPOL 
and is directed up. Take the derivative again, 
Qbu3t 


= (B+ we)2’ 


but is directed down. 


P8-13 


(a) Let the rocket sled move along the line « = b. The observer is at the origin and 


sees the rocket move with a constant angular speed, so the angle made with the x axis increases 
according to 6 = wt. The observer, rocket, and starting point form a right triangle; the position y 
of the rocket is the opposite side of this triangle, so 


tan? = y/b implies y = b/tanwt. 


We want to take the derivative of this with respect to time and get 


u(t) = wb/ cos? (wt). 


(b) The speed becomes infinite (which is clearly unphysical) when t = 7/2w. 
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E9-1| (a) First, F = (5.0 N)i. 


T = ([yF. 2Fyli [zFy aF,\j+ [aF, yF,|k, 
x 


= [y(0) — (0)(0)]i + [()F, — (0)]i + [2(0) — yFalk, 


= [-yF,]k =—(3.0 m)(5.0 N)k = —(15.0 N- m)k. 
(b) Now F = (5.0 N)j. Ignoring all zero terms, 
7 = [wF,]k = (2.0 m)(5.0 N)k = (10 N- m)k. 
(c) Finally, F = (—5.0 N)i. 
7 = [-yF,]k = —(3.0 m)(—5.0 N)k = (15.0 N- m)k. 


E9-2 (a) Everything is in the plane of the page, so the net torque will either be directed normal 
to the page. Let out be positive, then the net torque is T = 7; F, sin, — r2F2sin 62. 
(b) 7 = (1.30 m)(4.20 N) sin(75.0°) — (2.15 m)(4.90 N) sin(58.0°) = —3.66N - m. 


E9-4 Everything is in the plane of the page, so the net torque will either be directed normal to 
the page. Let out be positive, then the net torque is 


+ = (8.0m)(10 N) sin(45°) — (4.0 m)(16N) sin(90°) + (3.0m)(19N) sin(20°) = 12N- m. 


E9-5]| Since r and § lie in the zy plane, then ¢ =r x § must be perpendicular to that plane, and 
can only point along the z axis. 
The angle between # and § is 320° — 85° = 235°. So |t| = rs|sin 6| = (4.5)(7.3)| sin(235°)| = 27. 
Now for the direction of t. The smaller rotation to bring r into s is through a counterclockwise 
rotation; the right hand rule would then show that the cross product points along the positive z 
direction. 


E9-6 4 = (3.20)|cos(63.0°)j + sin(63.0°)k] and b = (1.40) [cos(48.0°)i + sin(48.0°)k]. Then 


axb = (3.20) cos(63.0°)(1.40) sin(48.0°)i 
+(3.20) sin(63.0°)(1.40) cos(48.0°)j 
—(3.20) cos(63.0°) (1.40) cos(48.0° )k 
= 1.51i+ 2.67j — 1.36k. 


E9-7 bxa has magnitude absin ¢ and points in the negative z direction. It is then perpendicular 
to a, so € has magnitude _a7b sing. The direction of ¢ is perpendicular to a but lies in the plane 
containing vectors a and b. Then it makes an angle 7/2 — ¢ with b. 


E9-8 (a) In unit vector notation, 


[(—3)(—3) — (—2)(1)]i + [() (4) — (2)(—3)]5 + [(2)(—2) — (-3)(4)]k, 
11i+ 10j + 8k. 


c 


l| 


l 


(b) Evaluate arcsin|{|a x 6|/(ab)], finding magnitudes with the Pythagoras relationship: 


@ = arcsin (16.8) /{(3.74)(5.39)] = 56°. 
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E9-9| This exercise is a three dimensional generalization of Ex. 9-1, except nothing is zero. 


¢ = (YF, —2FyJit [eh —2Fi]j + [oF - yFolk, 
= [(—2.0 m)(4.3 N) — (1.6 m)(—2.4 N)]i+ [(1.6 m)(3.5 N) — (1.5 m)(4.3 N)]j 


+[(1.5 m)(—2.4 N) — (—2.0 m)(3.5 N)]k, 
[—4.8N-mli + [—0.85 N-m]j + [3.4N-mJk. 


=" 


E9-10 (a) F = (2.6N)i, then 7 = (0.85 m)(2.6N)j — (—0.36 m)(2.6 N)k = 2.2N - mj +0.94N - mk. 
(b) F = (—2.6N)k, then 7 = (—0.36m)(—2.6 N)i— (0.54m)(—2.6N)j = 0.93N-mi+1.4N- nj. 


E9-11 (a) The rotational inertia about an axis through the origin is 
I = mr? = (0.025kg)(0.74 m)? = 1.4x107*kg - m?. 
(b) a = (0.74m)(22N) sin(50°)/(1.4 x 10-kg - m2) = 890 rad/s. 
E9-12 (a) Ip = (0.052kg)(0.27 m)? + (0.035 kg) (0.45 m)? + (0.024 kg) (0.65 m)? = 2.1 1072kg- m?. 
(b) The center of mass is located at 


(0.052 kg)(0.27 m) + (0.035 kg) (0.45 m) + (0.024kg)(0.65m) _ 9) 4 
lcm = =U. : 
(0.052 kg) + (0.035 kg) + (0.024 kg) 
Applying the parallel axis theorem yields I... = 2.1x10~?kg-m? — (0.11 kg)(0.41 m)? = 2.5x1073ke- 
2 
m?. 


E9-13| (a) Rotational inertia is additive so long as we consider the inertia about the same axis. 
We can use Eq. 9-10: 


I= J mar; = (0.075 kg)(0.42 m)? + (0.030 kg) (0.65 m)” = 0.026 kg-m?. 


(b) No change. 


E9-14 7 = [(0.42m)(2.5N) — (0.65m)(3.6N)|k = —129N-mk. Using the result from E9-13, 
& = (—1.29N- mk)/(0.026 kg-m?) = 50 rad/s”k. That’s clockwise if viewed from above. 


E9-15 (a) F = mw?r = (110kg)(33.5 rad/s)?(3.90 m) = 4.81 x 10°N. 

(b) The angular acceleration is w = (33.5 rad/s)/(6.70s) = 5.00 rad/s”. The rotational inertia 
about the axis of rotation is J = (110kg)(7.80 m)?/3 = 2.23x 10°kg- m?. r = Ia = (2.23 x 10%kg - 
m?)(5.00 rad/s”) = 1.12 104N- m. 

E9-16 We can add the inertias for the three rods together, 


1 
T= 3 (541*) = (240 ke)(5.20m)? = 6.49 x 10°kg - m?. 


E9-17| The diagonal distance from the axis through the center of mass and the axis through the 
edge is h = \/(a/2)? + (b/2)?, so 


2 2 2 2 2 1 1 2 2 
I = Tem + Mh = 5M (a + b’) + M ((a/2)* + (b/2) )= (547) Me + b*). 


Simplifying, J = 3M (a? + b?). 
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E9-18 I = Dem + Mh? = (0.56 kg) (1.0 m)?/12 + (0.56) (0.30 m)? = 9.7 10-2kg - m?. 


E9-19| For particle one I) = mr? = mL?; for particle two In = mr? = m(2L)? = 4mL?. The 
rotational inertia of the rod is Ipaq = $(2M)(2L)? = §ML?. Add the three inertias: 


l= (sm =) i. 


E9-20 (a) I = MR?/2= M(R/V2)?. 
(b) Let I be the rotational inertia. Assuming that & is the radius of a hoop with an equivalent 
rotational inertia, then I = Mk?, or k = \/I/M. 


E9-21 Note the mistakes in the equation in the part (b) of the exercise text. 

(a) M, = M/N. 

(b) Each piece has a thickness t = L/N, the distance from the end to the nth piece is z, = 
(n — 1/2)t = (n—1/2)L/N. The axis of rotation is the center, so the distance from the center is 
my = Ln — L/2=nL/N —(1+1/2N)L. 

(c) The rotational inertia is 


I = Santas 
n=1 
ML? & 
n=1 
MI 
n=1 
MIL? (N(N+1)(2QN +1 N(N+1 
= EE DGN Sona! 2) an aoyn |: 
N3 6 5 
ML? (2N2 2N8 
~ NB 
N3 ( 6 B= ) 
ay NET TS: 


E9-22 F = (46N)(2.6 cm)/(13 cm) = 9.2N. 


E9-23 ‘Tower topples when center of gravity is no longer above base. Assuming center of gravity 
is located at the very center of the tower, then when the tower leans 7.0m then the tower falls. This 
is 2.5m farther than the present. 

(b) 6 = arcsin(7.0m/55m) = 7.3°. 


E9-24 If the torque from the force is sufficient to lift edge the cube then the cube will tip. The 
net torque about the edge which stays in contact with the ground will be r = Fd — mgd/2 if F is 
sufficiently large. Then F > mg/2 is the minimum force which will cause the cube to tip. 

The minimum force to get the cube to slide is F > usmg = (0.46)mg. The cube will slide first. 
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E9-25| The ladder slips if the force of static friction required to keep the ladder up exceeds p,N. 
Equations 9-31 give us the normal force in terms of the masses of the ladder and the firefighter, 
N = (m+ M)g, and is independent of the location of the firefighter on the ladder. Also from Eq. 
9-31 is the relationship between the force from the wall and the force of friction; the condition at 
which slipping occurs is Fy, > us(m+ M)g. 

Now go straight to Eq. 9-32. The a/2 in the second term is the location of the firefighter, who in 
the example was halfway between the base of the ladder and the top of the ladder. In the exercise 
we don’t know where the firefighter is, so we'll replace a/2 with x. Then 


Fyuh+ Mgex 4 = 0 


is an expression for rotational equilibrium. Substitute in the condition of F,, when slipping just 
starts, and we get 
mga 
—(ps(m+ M)g)h+ Mga + ar ee 0. 


Solve this for 2, 


= m MO 45 kg (45 kg)(7.6 m) _ 


This is the horizontal distance; the fraction of the total length along the ladder is then given by 
x/a = (6.6 m)/(7.6 m) = 0.87. The firefighter can climb (0.87)(12m) = 10.4m up the ladder. 


E9-26 (a) The net torque about the rear axle is (1360 kg) (9.8 m/s”)(3.05 m—1.78 m) — F's(3.05 m) = 
0, which has solution F's = 5.55x10°N. Each of the front tires support half of this, or 2.77 x 10?N. 

(b) The net torque about the front axle is (1360 kg)(9.8 m/s?) (1.78m) — F's(3.05m) = 0, which 
has solution F; = 7.78x 10°N. Each of the front tires support half of this, or 3.89 x 10°N. 


E9-27 ‘The net torque on the bridge about the end closest to the person is 
(160 lb) L/4 + (600 lb)£/2—- Fy L=0, 


which has a solution for the supporting force on the far end of F's = 340 lb. 
The net force on the bridge is (160 lb)Z/4 + (600 lb) £/2 — (340 lb) — F, = 0, so the force on the 
close end of the bridge is F, = 420 lb. 


E9-28 The net torque on the board about the left end is 
F,(1.55 m) — (142 N)(2.24 m) — (582 N)(4.48m) = 0, 


which has a solution for the supporting force for the right pedestal of F', = 1890N. The force on the 
board from the pedestal is up, so the force on the pedestal from the board is down (compression). 

The net force on the board is F’)+ (1890 N) — (142 N) — (582 N) = 0, so the force from the pedestal 
on the left is F, = —1170N. The negative sign means up, so the pedestal is under tension. 


E9-29| We can assume that both the force F and the force of gravity W act on the center of the 
wheel. Then the wheel will just start to lift when 


W x F+F x F=0, 
W sin 6 = Fcos 8, 
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where @ is the angle between the vertical (pointing down) and the line between the center of the 
wheel and the point of contact with the step. The use of the sine on the left is a straightforward 
application of Eq. 9-2. Why the cosine on the right? Because 


sin(90° — @) = cos 0. 


Then F = Wtané@. We can express the angle @ in terms of trig functions, h, and r. rcos@ is the 
vertical distance from the center of the wheel to the top of the step, or r— h. Then 


2 
PT eer ee i- (1-2). 
Tr Tr 


Finally by combining the above we get 


2h h2 
re ‘Pe 
F=wt. oe / etl ome 


31> 
“3 
| 
> 


E9-30 (a) Assume that each of the two support points for the square sign experience the same 
tension, equal to half of the weight of the sign. The net torque on the rod about an axis through 
the hinge is 


(52.3 kg/2)(9.81 m/s”) (0.95 m) + (52.3 kg/2)(9.81 m/s”) (2.88 m) — (2.88m)T sin 6 = 0, 


where T is the tension in the cable and @ is the angle between the cable and the rod. The angle can 
be found from # = arctan(4.12 m/2.88m) = 55.0°, so T = 416N. 

(b) There are two components to the tension, one which is vertical, (416 N) sin(55.0°) = 341N, 
and another which is horizontal, (416 N) cos(55.0°) = 239 N. The horizontal force exerted by the wall 
must then be 239N. The net vertical force on the rod is F + (341N) — (52.3kg/2)(9.81 m/s”) = 0, 
which has solution F' = 172N as the vertical upward force of the wall on the rod. 


E9-31 (a) The net torque on the rod about an axis through the hinge is 
7 = W(L/2) cos(54.0°) — TL sin(153.0°) = 0. 


or T = (52.7 Ib/2)(sin 54.0°/ sin 153.0°) = 47.0 lb. 
(b) The vertical upward force of the wire on the rod is Ty = T'cos(27.0°). The vertical upward 
force of the wall on the rod is Py = W — T cos(27.0°), where W is the weight of the rod. Then 


P, = (52.7 Ib) — (47.0 Ib) cos(27.0°) = 10.8 1b 


The horizontal force from the wall is balanced by the horizontal force from the wire. Then P, = 
(47.0 lb) sin(27.0°) = 21.3 Ib. 


E9-32 If the ladder is not slipping then the torque about an axis through the point of contact with 
the ground is 
T = (WL/2) cos@ — Nh/sin6 = 0, 
where WN is the normal force of the edge on the ladder. Then N = WL cos@ sin @ /(2h). 
N has two components; one which is vertically up, N, = N cos @, and another which is horizontal, 
N; = Nsin@. The horizontal force must be offset by the static friction. 
The normal force on the ladder from the ground is given by 


Nz =W — Ncos6 = W[1 — Loos’ 6 sind /(2h)). 
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The force of static friction can be as large as f = psNg, so 


_  WLeos@ sin?6/(2h) ~~ Lcos@ sin? 0 
ok W[1 — Lcos?@ sin@/(2h)| 2h — Los? 6 sin’ 


Put in the numbers and @ = 68.0°. Then ps = 0.407. 


E9-33 Let out be positive. The net torque about the axis is then 
7 = (0.118 m)(5.88 N) — (0.118 m)(4.13 m) — (0.0493 m)(2.12N) = 0.102N- m. 


The rotational inertia of the disk is J = (1.92kg)(0.118m)?/2 = 1.34x107*kg-m?. Then a = 
(0.102.N - m) /(1.34x 10-2kg - m2) = 7.61 rad/s”. 


E9-34 (a) I =7/a = (960N-m)/(6.23 rad/s”) = 154kg - m?. 
(b) m = (3/2)I/r? = (1.5)(154kg - m?)/(1.88m)? = 65.4kg. 


E9-35| (a) The angular acceleration is 


Aw 6.20 rad/s 2 
a= Fo = a = 28.2 rad/s 


(b) From Eq. 9-11, r = Ia = (12.0kg- m?)(28.2 rad/s”) = 338N-m. 


E9-36 The angular acceleration is @ = 2(m/2 rad) /(30s)? = 3.5x10~* rad/s’. The required force 
is then 
F =7/r = Ia/r = (8.7 10*kg - m?)(3.5x 107? rad/s*)/(2.4m) = 127N. 


Don’t let the door slam... 


E9-37 The torque is tT = rF’, the angular acceleration is a= T/J = rF'/I. The angular velocity is 


[ dt r At? fe r Bt? 
Q= — 
aS ar 3r 


so when t = 3.60s, 


(9.88 x 10-2m) (0.305 N/s?)(3.60s)3 
3(1.14x 10-%kg - m2) 


__ (9.88x 10~?m) (0.496 N/s)(3.60s)? 


= 690 rad/s. 


2(1.14x 10-8kg - m2) 


E9-38 (a) a = 26/t?. 
(b) a= aR = 20R/t?. 
(c) T,; and T> are not equal. Instead, (T, — T2)R = Ia. For the hanging block Mg — T; = Ma. 
Then 
T, = Mg —2MR6/t’, 


and 
Tz = Mg — 2M RO6/t? — 2(1/R)0/t?. 
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E9-39| Apply a kinematic equation from chapter 2 to find the acceleration: 


I 


1. 49 
Yy Uoyt + sAyt”, 


2 
_ 2y — 2(0.765 m) _ 2 
ay = B= ear ar = 020586 m/s 


Closely follow the approach in Sample Problem 9-10. For the heavier block, m, = 0.512 kg, and 
Newton’s second law gives 
mig —T, =m ay, 


where a, is positive and down. For the lighter block, mz = 0.463 kg, and Newton’s second law gives 
Tz — Mog = M24y, 


where ay is positive and up. We do know that T; > T>; the net force on the pulley creates a torque 
which results in the pulley rotating toward the heavier mass. That net force is T; — 7; so the 
rotational form of Newton’s second law gives 


(Ti —T2)R= Taz = Tar/R, 


where R = 0.049 m is the radius of the pulley and ar is the tangential acceleration. But this 
acceleration is equal to ay, because everything— both blocks and the pulley— are moving together. 
We then have three equations and three unknowns. We’ll add the first two together, 


mg—T1+T2-mg = mMydy + MoAy, 
T1-T, = (g—ay)mi — (9 + ay)me, 
and then combine this with the third equation by substituting for T; — To, 


(g — dy)m1 — (g + ay)me i lay/R, 


eae lh 


I 


I. 


Now for the numbers: 


(cae - 1) (0.512 kg) (cane +1) (0.463kg) = 7.23kg, 
(7.23kg)(0.049m)? = 0.0174kg-m?. 


E9-40 The wheel turns with an initial angular speed of wg = 88.0 rad/s. The average speed while 
decelerating is way = wo/2. The wheel stops turning in a time t = d/way = 26/wo. The deceleration 
is then a = —wo/t = —w@/(2¢). 
The rotational inertia is J = MR?/2, so the torque required to stop the disk is T = Ia = 
—M R?u%/(4¢). The force of friction on the disk is f = uN, so T = Rf. Then 
a MR.? — (1.40kg)(0.23 m)(88.0 rad/s)? 


4No 4(130 N)(17.6 rad) ne 


E9-41 (a) The automobile has an initial speed of vp = 21.8m/s. The angular speed is then 
wo = (21.8 m/s) /(0.385 m) = 56.6 rad/s. 

(b) The average speed while decelerating is way = wo/2. The wheel stops turning in a time 
t = $/Way = 26/wo. The deceleration is then 


a = —wo/t = —we/(2¢) = —(56.6 rad/s)” /[2(180 rad)] = —8.90 rad/s. 
(c) The automobile traveled x = ¢r = (180 rad)(0.385 m) = 69.3 m. 
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E9-42 (a) The angular acceleration is derived in Sample Problem 9-13, 


g 1 (981 cm/s”) 1 304 rad /e? 
a= — = . . 
Rol +I/(MR2) (0.320 cm) 1+ (0.950 kg - cm?) /[(0.120 kg) (0.320 cm)? 


The acceleration is a = aRo = (39.1 rad/s”)(0.320 cm) = 12.5 cm/s”. 

(b) Starting from rest, t = ,/2x/a = /2(134 cm) /(12.5 cm/s”) = 4.63s. 

(c) w = at = (39.1 rad/s”)(4.63s) = 181 rad/s. This is the same as 28.8 rev/s. 

(d) The yo-yo accelerates toward the ground according to y = at? + vot, where down is positive. 
The time required to move to the end of the string is found from 


pees es Vu2+4ay — —(1.30m/s) + /(1.30m/s)? + 4(0.125 m/s?) (1.34 m) 
7 2a i 2(0.125 m/s?) 


= 0.945s 


The initial rotational speed was wo = (1.30 m/s)/(3.2 x 10~m) = 406 rad/s. Then 
w = wo + at = (406 rad/s) + (39.1 rad/s”) (0.945s) = 443 rad/s, 


which is the same as 70.5 rev/s. 


E9-43]| (a) Assuming a perfect hinge at B, the only two vertical forces on the tire will be the 
normal force from the belt and the force of gravity. Then N = W = mg, or N = (15.0 kg)(9.8 
m/s”) = 147 N. 

While the tire skids we have kinetic friction, so f = uzN = (0.600)(147 N) = 88.2 N. The force 
of gravity and and the pull from the holding rod AB both act at the axis of rotation, so can’t 
contribute to the net torque. The normal force acts at a point which is parallel to the displacement 
from the axis of rotation, so it doesn’t contribute to the torque either (because the cross product 
would vanish); so the only contribution to the torque is from the frictional force. 

The frictional force is perpendicular to the radial vector, so the magnitude of the torque is just 
7 =rf = (0.300 m)(88.2 N) = 26.5 N-m. This means the angular acceleration will be a = 7/I = 
(26.5 N-m)/(0.750 kg-m?) = 35.3 rad/s?. 

When wR = vr = 12.0 m/s the tire is no longer slipping. We solve for w and get w = 40 rad/s. 

Now we solve w = wo + at for the time. The wheel started from rest, so t = 1.13 s. 

(b) The length of the skid is x = vt = (12.0 m/s)(1.13 s) = 13.6 m long. 


P9-1| The problem of sliding down the ramp has been solved (see Sample Problem 5-8); the 
critical angle 0, is given by tan 6, = js. 

The problem of tipping is actually not that much harder: an object tips when the center of 
gravity is no longer over the base. The important angle for tipping is shown in the figure below; we 
can find that by trigonometry to be 


O (0.56 m) 
an’t A ~ (0.56 m) + (0.28 m) 


so 0; = 34°. 
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(a) If uw; = 0.60 then 6, = 31° and the crate slides. 
(b) If uw, = 0.70 then 0, = 35° and the crate tips before sliding; it tips at 34°. 


P9-2 (a) The total force up on the chain needs to be equal to the total force down; the force 
down is W. Assuming the tension at the end points is T then T'sin @ is the upward component, so 
T=W/(2sin8). 

(b) There is a horizontal component to the tension T cos @ at the wall; this must be the tension 
at the horizontal point at the bottom of the cable. Then Thottom = W/(2 tan 8). 


P9-3 (a) The rope exerts a force on the sphere which has horizontal T'sin @ and vertical T cos 0 
components, where 6 = arctan(r/L). The weight of the sphere is balanced by the upward force from 
the rope, so T cos@ = W. But cos@ = L/Vr? + L?, so T=W 1/14 1?/L?. 

(b) The wall pushes outward against the sphere equal to the inward push on the sphere from the 
rope, or P= Tsind = W tand = Wr/L. 


P9-4 Treat the problem as having two forces: the man at one end lifting with force F = W/3 
and the two men acting together a distance x away from the first man and lifting with a force 
2F = 2W/3. Then the torque about an axis through the end of the beam where the first man is 
lifting is r = 22W/3 —WL/2, where L is the length of the beam. This expression equal zero when 
x = 3L/4. 


P9-5]| (a) We can solve this problem with Eq. 9-32 after a few modifications. We’ll assume the 
center of mass of the ladder is at the center, then the third term of Eq. 9-32 is mga/2. The cleaner 
didn’t climb half-way, he climbed 3.10/5.12 = 60.5% of the way, so the second term of Eq. 9-32 
becomes Mga(0.605). h, L, and a are related by L? = a? +h?, so h = \/(5.12 m)? — (2.45 m)? = 4.5 
m. Then, putting the correction into Eq. 9-32, 


ie ot ~ [.Mga(0.605) + ™2*) 


2 

= asm [(74.6 kg)(9.81 m/s?)(2.45 m)(0.605) , 
+ (10.3 kg)(9.81 m/s”) (2.45 m)/2| 

= 269N 


(b) The vertical component of the force of the ground on the ground is the sum of the weight of 
the window cleaner and the weight of the ladder, or 833 N. 
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The horizontal component is equal in magnitude to the force of the ladder on the window. Then 
the net force of the ground on the ladder has magnitude 


/ (269 N)2 + (833 N)? = 875 N 


and direction 
6 = arctan(833/269) = 72° above the horizontal. 


P9-6 (a) There are no upward forces other than the normal force on the bottom ball, so the force 
exerted on the bottom ball by the container is 2W. 
(c) The bottom ball must exert a force on the top ball which has a vertical component equal to the 
weight of the top ball. Then W = Nsin@ or the force of contact between the balls is N = W/sin 6. 
(b) The force of contact between the balls has a horizontal component P = Ncos@ = W/tan8@, 
this must also be the force of the walls on the balls. 


P9-7 (a) There are three forces on the ball: weight W, the normal force from the lower plane Ni, 
and the normal force from the upper plane No. The force from the lower plane has components 
Nix = —N sin 6; and Nj, = Nicos @;. The force from the upper plane has components No. = 
No sin A and Noy = —No2 cos Ao. Then Ny sin A, = No sin A and Ny cos ral =W+ No cos Ao. 

Solving for Nz by dividing one expression by the other, 


cos 01 W cos Og 


sin ral - No sin A sin Ay’ 


or 
A Ww cos6, cos, oe 
aa sin A sin 0; sin A : 
_ W cos 9; sin 6 — cos 2 sin 0; 
= sin A sin A, sin Ag “ 
_ W sin 0, 
= sin(42 _ 61) F 
Then solve for Nj, 
W sin Oo 
Ny = ——~.. 
sin(02 = 01) 


(b) Friction changes everything. 


P9-8 (a) The net torque about a line through A is 
7T=W2-TLsind = 0, 


so T = Wa/(Lsin 6). 

(b) The horizontal force on the pin is equal in magnitude to the horizontal component of the 
tension: T'cos 6 = Wa/(Ltan0@). The vertical component balances the weight: W — Wa/L. 

(c) « = (520 N)(2.75 m) sin(32.0°) /(315 N) = 2.41 m. 


P9-9 (a) As long as the center of gravity of an object (even if combined) is above the base, then 
the object will not tip. 

Stack the bricks from the top down. The center of gravity of the top brick is L/2 from the edge 
of the top brick. This top brick can be offset nor more than L/2 from the one beneath. The center 
of gravity of the top two bricks is located at 


Tem = [(L/2) + (L)]/2 = 3L/4. 
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These top two bricks can be offset no more than L/4 from the brick beneath. The center of gravity 
of the top three bricks is located at 


Lom = [(L/2) + 2(L)|/3 = 51/6. 


These top three bricks can be offset no more than L/6 from the brick beneath. The total offset. is 
then £/2+ 1/4+ L/6 = 111/12. 

(b) Actually, we never need to know the location of the center of gravity; we now realize that 
each brick is located with an offset L/(2n) with the brick beneath, where n is the number of the 
brick counting from the top. The series is then of the form 


(L/2)[(1/1) + (1/2) + 1/3) + (1/4) +++], 


a series (harmonic, for those of you who care) which does not converge. 
(c) The center of gravity would be half way between the ends of the two extreme bricks. This 
would be at NL/n; the pile will topple when this value exceeds L, or when N = n. 


P9-10 (a) For a planar object which lies in the x — y plane, [,, = [ x?dm and I, = { y?dm. Then 
I, + 1, = [(a? + y*)dm = fr? dm. But this is the rotational inertia about the z axis, sent r is the 
distance from the z axis. 

(b) Since the rotational inertia about one diameter (J) should be the same as the rotational 
inertia about any other (J,) then I, = I, and I, = I,/2 = MR?/4. 


P9-11| Problem 9-10 says that I, + I, = I, for any thin, flat object which lies only in the 
x —y plane.It doesn’t matter in which direction the x and y axes are chosen, so long as they are 
perpendicular. We can then orient our square as in either of the pictures below: 


A A 
y 


y 


By symmetry I, = Iy in either picture. Consequently, I, = I, = I,/2 for either picture. It is 
the same square, so I, is the same for both picture. Then [, is also the same for both orientations. 


P9-12 Let Mo be the mass of the plate before the holes are cut out. Then M, = Mo(a/L)? is the 
mass of the part cut out of each hole and M = My — 9M, is the mass of the plate. The rotational 
inertia (about an axis perpendicular to the plane through the center of the square) for the large 
uncut square is MoL?/6 and for each smaller cut out is M,a?/6. 

From the large uncut square’s inertia we need to remove Ma?/6 for the center cut-out, Mya? /6+ 
M,(L/3)? for each of the four edge cut-outs, and Mja?/6 + M,(V2L/3)? for each of the corner 
sections. 
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Then 
MoL? Mia Mal’ yoMite 


6 6 9 9 ? 
_ MoL? Moa* Moa* 
7 6 212 Be, | 


P9-13| (a) From Eq. 9-15, I = f r?dm about some axis of rotation when r is measured from that 


axis. If we consider the x axis as our axis of rotation, then r = \/y? + z?, since the distance to the 
x axis depends only on the y and z coordinates. We have similar equations for the y and z axes, so 


ot 
I 
—_, 
— 
8 
bo 
& 
NO 
a 
Q 
= 


These three equations can be added together to give 
e+ ty +1 =2 f (c +y° +2) am, 


so if we now define r to be measured from the origin (which is not the definition used above), then 
we end up with the answer in the text. 

(b) The right hand side of the equation is integrated over the entire body, regardless of how 
the axes are defined. So the integral should be the same, no matter how the coordinate system is 
rotated. 


P9-14 (a) Since the shell is spherically symmetric I, = I, = I,, so I, = (2/3) fr?dm = 
(2R?/3) f dm =2MR?/3. 
(b) Since the solid ball is spherically symmetric I, = Iy = I,, so 


2 3Mr? dr 2 
i A = <MR’. 
3 i ie: 5 


P9-15 (a) A simple ratio will suffice: 


dm M ua 2Mr 
=> —_~ r m= 
Qrrdr TR? R? 


(b) dI = r2dm = (2Mr3/R?)dr. 
(c) I= fo°\(QMr3/R?)dr = MR?/2. 


P9-16 (a) Another simple ratio will suffice: 


M M 2 age 
dm _ ees itetsncr™ (R* — 2°) 


mr2dz (4/3) R8 4R3 


dz. 


(b) dI = r2dm/2 = [3M(R? — z7)?/8R?|dz. 
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(c) There are a few steps to do here: 


— 
II 


3M f® 
=: aps (R* — 2R? 2? + 2*)dz, 
3M os 5 5 2 2 
= ae —2 =—-MR. 
aps R°/3 + R°/5) Fi R 


P9-17| The rotational acceleration will be given by a, = )>7/I. 

The torque about the pivot comes from the force of gravity on each block. This forces will both 
originally be at right angles to the pivot arm, so the net torque will be }> 7 = mgLz — mgL1, where 
clockwise as seen on the page is positive. 

The rotational inertia about the pivot is given by I = > m,r?2 = m(L3 + L?). So we can now 
find the rotational acceleration, 


bsg ly Peek 
cs EAI MD INE ie ES eo a a tie 


OT  m@2+2) 7+? 


The linear acceleration is the tangential acceleration, ar = aR. For the left block, ap = 1.73 m/s?; 
for the right block ap = 6.93 m/s?. 


P9-18 (a) The force of friction on the hub is u,Mg. The torque is T = x.Mga. The angular 
acceleration has magnitude a = T/I = pxga/k?. The time it takes to stop the wheel will be 
t = wo/a = wok? /(uxga). 

(b) The average rotational speed while slowing is wo/2. The angle through which it turns while 
slowing is wot/2 radians, or wot/(4m) = wk? /(47 Ux ga) 


P9-19 (a) Consider a differential ring of the disk. The torque on the ring because of friction is 


M 
dr=rdF =r g 
7 


2uxM gr? 
Intdns 


Rp 7D dr. 


The net torque is then 


R 2 
2uxM gr 2 
= /dr= —_— dr = =uxMgR. 
T fa if 5 Tr ghtk g 


(b) The rotational acceleration has magnitude a = r/I = $.g/R. Then it will take a time 


= 3Rwo 


t=wo/a= 
of ApKg 


to stop. 


P9-20 We need only show that the two objects have the same acceleration. 

Consider first the hoop. There is a force Wj, = Wsin@ = mgsin@ pulling it down the ramp 
and a frictional force f pulling it up the ramp. The frictional force is just large enough to cause 
a torque that will allow the hoop to roll without slipping. This means a = aR; consequently, 
fR=al =al/R. In this case I = mR?. 

The acceleration down the plane is 


ma = mgsin@ — f = mgsin@ — maI/R? = mgsin 6 — ma. 
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Then a = gsin@ /2. The mass and radius are irrelevant! 
For a block sliding with friction there are also two forces: Wj) = Wsin@ = mgsin@ and f = 
Lxmg cos. Then the acceleration down the plane will be given by 


a= gsind — pg cos 8, 
which will be equal to that of the hoop if 


_ sind —sin@/2 _ 1, 9 
a cos 0 oo saa 


P9-21| This problem is equivalent to Sample Problem 9-11, except that we have a sphere instead 
of a cylinder. We’ll have the same two equations for Newton’s second law, 


Mgsin@ — f = Maem and N — Mgcosé=0. 
Newton’s second law for rotation will look like 
—fR=TIemna. 


The conditions for accelerating without slipping are a.4 = aR, rearrange the rotational equation to 
get 


f = Loma os Tem(—Gem) 
7 R R? : 
and then ; 
Mgsin 6 — Fem{Gem) = Maem, 


and solve for dem. For fun, let’s write the rotational inertia as J = @MR?, where @ = 2 /5 for the 
sphere. Then, upon some mild rearranging, we get 


sin 6 
1+ 


Acm = 9 


For the sphere, dem = 5/7gsin 0. 

(a) If dem = 0.133g, then sin @ = 7/5(0.133) = 0.186, and @ = 10.7°. 

(b) A frictionless block has no rotational properties; in this case 6 = 0! Then agy = gsin@ = 
0.1864. 


P9-22 (a) There are three forces on the cylinder: gravity W and the tension from each cable T. 
The downward acceleration of the cylinder is then given by ma = W — 2T. 
The ropes unwind according to a = a/R, but a= 7/I and I = mR?/2. Then 


a=TR/I = (2TR)R/(mR?/2) = 4T/m. 


Combining the above, 4T = W — 2T, or T = W/6. 
(b) a = 4(mg/6)/m = 2g/3. 


P9-23| The force of friction required to keep the cylinder rolling is given by 


1 
f= gq Masin @; 


the normal force is given to be N = Mgcos6; so the coefficient of static friction is given by 


P9-24 a= F/M, since F is the net force on the disk. The torque about the center of mass is FR, 
so the disk has an angular acceleration of 


FR FR _ 2F 
IT MR/2” MR 


a= 
P9-25 This problem is equivalent to Sample Problem 9-11, except that we have an unknown rolling 
object. We’ll have the same two equations for Newton’s second law, 
Mgsin@ — f = Maem and N — Mgcosé = 0. 
Newton’s second law for rotation will look like 
—fR=TIgma. 


The conditions for accelerating without slipping are a.4 = aR, rearrange the rotational equation to 
get 


f is Loma -_ Tem(—Gem) 
7 R R? ; 
and then ; 
Mgsin 6 — Fem{Gem) = Maem, 


and solve for dem. Write the rotational inertia as I = GM R?, where 3 = 2/5 for a sphere, 3 = 1/2 
for a cylinder, and @ = 1 for a hoop. Then, upon some mild rearranging, we get 


sin 0 
acm = 
eer, 


Note that a is largest when ( is smallest; consequently the cylinder wins. Neither M nor R entered 
into the final equation. 
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E10-1 | =rp= mor = (13.7x107~%kg) (380 m/s)(0.12m) = 0.62 kg - m?/s. 


E10-2 (a) l= mi x V, or 


I= m(yv- 2Uy)i + m(zv,_ — £vz)j 4 m(xvy — yvz)k. 


(b) If V and F exist only in the xy plane then z = v, = 0, so only the uk term survives. 


E10-3/ If the angular momentum Tis constant in time, then dl/ dt = 0. Trying this on Eq. 10-1, 


dl d exp) 

de ge 
= —(rx mv), 
sh Ye di 
Te Agen ey eee 


Now the cross product of a vector with itself is zero, so the first term vanishes. But in the exercise 
we are told the particle has constant velocity, so a = 0, and consequently the second term vanishes. 
Hence, | is constant for a single particle if Vv is constant. 

E10-4 (a) L = 501; |; = r;m;v;. Putting the numbers in for each planet and then summing (I 


won’t bore you with the arithmetic details) yields L = 3.15 x10*kg - m?/s. 
(b) Jupiter has 1 = 1.94x 10**kg - m?/s, which is 61.6% of the total. 


E10-5 1 =mvr = m(2rr/T)r = 27(84.3 kg) (6.37 x 10°m)? /(86400s) = 2.49 x 10!4kg - m?/s. 
E10-6 (a) Substitute and expand: 


L 


I 


SS en + r’) x (miVem + D;); 
= pre X Vem + Fem X Py + Mul, X Ven + FX pi), 


= MF om X Vem + Fem X (>. Bi) + (So mir’ ) X Vom + SF xp 


(b) But 53 pi = 0 and 55 mr, = 0, because these two quantities are in the center of momentum 
and center of mass. Then 


L= Mion X Ven + 9) ¥ x p, = DL! + Mian X Vom: 


E10-7 (a) Substitute and expand: 


(b) Substitute and expand: 


tye x Bae. ©. 


The first term vanished because V; is parallel to pj. 
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(c) Substitute and expand: 


dL! 4 _ UB; — MiFem) 
Gf 

Sx x (ma; — miaem), 

= Soe x mai + + (Somutt) x dom) 


The second term vanishes because of the definition of the center of mass. Then 


B a 
=) r, x Fi, 


where F; is the net force on the ith particle. The force F; may include both internal and external 
components. If there is an internal component, say between the ith and jth particles, then the 
torques from these two third law components will cancel out. Consequently, 


a = yt Gh Text: 


[re= [ww pat=at. 


(b) If I is fixed, AL = IAw. Not only that, 


praa [pratar f rdearrae, 


where we use the definition of average that depends on time. 


I 


E10-8 (a) Integrate. 


E10-9| (a) 7At = Al. The disk starts from rest, so AT = I— 1p = I. We need only concern 
ourselves with the magnitudes, so 


1 = Al = TAt = (15.8 N-m)(0.033s) = 0.521 kg-m?/s. 
(b) w = 1/I = (0.521 kg-m2/s) /(1.22x 10-8kg-m2) = 427 rad/s. 
E10-10 (a) Let vo be the initial speed; the average speed while slowing to a stop is v9 /2; the time 
required to stop is t = 2x/vo; the acceleration is a = —up/t = —vé/(2x). Then 
—(43.3 m/s)? /[2(225 m/s)] = —4.17 m/s”. 


a/r = (—4.17 m/s?) /(0.247 m) = —16.9 rad/s”. 
= Ia = (0.155kg - m2)(—16.9 rad/s”) = —2.62N-m. 


E10-11 Let r; =z+r%. From the figure, py = —p2 and r, = —r4. Then 


> 


L = Ith =f, x pi +m x pro, 
xX Pi, 


x Pi, 


I 


a 
Se 


‘ 
Pye 


(F — z 


er 


= 2r x pi. 


Since r, and py, both lie in the xy plane then L must be along the z axis. 
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E10-12 Expand: 


i 2. Ee aes 
= So mil(Fi- tio - (Fi -)F)A, 


S- m,[r2a — (23 (z2w)k — (2: 0,w)i — (ziyiw)j], 


but if the body is symmetric about the z axis then the last two terms vanish, leaving 


= So milr7a — (2?w)k] = )>m(x? + y?)5 = Io. 


E10-13| An impulse of 12.8 N-s will change the linear momentum by 12.8 N-s; the stick starts 
from rest, so the final momentum must be 12.8 N-s. Since p = mv, we then can find v = p/m = (12.8 
N:s)/(4.42 kg) = 2.90 m/s. 

Impulse is a vector, given by f[ Fdt. We can take the cross product of the impulse with the 
displacement vector F (measured from the axis of rotation to the point where the force is applied) 


and get 
rx [Bar~ [ex Bat, 


The two sides of the above expression are only equal ifr has a constant magnitude and direction. This 
won’t be true, but if the force is of sufficiently short duration then it hopefully won’t change much. 
The right hand side is an integral over a torque, and will equal the change in angular momentum of 
the stick. 

The exercise states that the force is perpendicular to the stick, then |r x F| = rF, and the “torque 
impulse” is then (0.464 m)(12.8 N-s) = 5.94 kg-m/s. This “torque impulse” is equal to the change 
in the angular momentum, but the stick started from rest, so the final angular momentum of the 
stick is 5.94 kg-m/s. 

But how fast is it rotating? We can use Fig. 9-15 to find the rotational inertia about the center 
of the stick: I = 7, ML? = 4(4.42 kg)(1.23 m)? = 0.557 kg-m?. The angular velocity of the stick is 
w =1/I = (5.94 kg-m/s)/(0.557 kg-m?) = 10.7 rad/s. 


E10-14 The point of rotation is the point of contact with the plane; the torque about that point 
is T = rmgsin@. The angular momentum is Jw, so tT = Ia. In this case I = mr?/2 + mr?, the 
second term from the parallel axis theorem. Then 


2 
a=ra=rrt/I = mr’gsin6/(3mr?/2) = g9sin dé. 


E10-15 From Exercise 8 we can immediately write 
(wy = wo)/T1 = Ip (we i 0)/r2, 
but we also have rjw, = —raw2. Then 


ryrelwo 


wy = ->=>T 
r? Io — rt, 
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E10-16 (a) Aw/w = (1/T; — 1/T2)/A1/T) = —(Z2 — T1)/T2 = —AT/T, which in this case is 
—(6.0 x 107~3s)(8.64 x 104s) = —6.9x 1078. 

(b) Assuming conservation of angular momentum, AI /I = —Aw/w. Then the fractional change 
would be 6.9x 1078. 


E10-17| The rotational inertia of a solid sphere is J = 2M R?; so as the sun collapses 


L; = [, 
L5@; Lede, 
2 2 
a MRS = EMR ar, 
RG; = Rey. 


The angular frequency is inversely proportional to the period of rotation, so 


Re? a. ( (6.37 108m) \ 7 
ffs oe Ce Real Roe | 3, 0aniit, 
pa Dia ey aun) (ea x 108m) oe 


E10-18 The final angular velocity of the train with respect to the tracks is wy, = Rv. The 
conservation of angular momentum implies 


0= MR2u + mR? (wi +), 
or 


—™mMv 


os (m+ M)R’ 


E10-19 This is much like a center of mass problem. 


0= Ip dp + Iin(@mp + dbp); 


or 
(Ip+Im)¢p _, (12.6 kg - m?)(25°) 
= ~  (2.47x 10-3kg - m?) 


mp = 


That’s 354 rotations! 


= 1.28x10°°. 


E10-20 we = (1; /I¢)w; = [(6.13 kg - m?)/(1.97 kg - m?)](1.22 rev/s) = 3.80 rev/s. 


E10-21| We have two disks which are originally not in contact which then come into contact; 
there are no external torques. We can write 


hithi = lhetley, 
11014 +IeWo, = WW1¢+ IgWo,¢. 


The final angular velocities of the two disks will be equal, so the above equation can be simplified 
and rearranged to yield 


ii (1.27 kg - m?) 


1.27 kg: m2) + (4.85 kg - m2) 


we = ———wW 
Ky+Ig ” 


(824 rev/min) = 171 rev/min 
E10-22 1, =lcos9 = mvrcos@é = mvh. 
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E10-23 (a) we = (11 /I2)wi, [1 = (3.66 kg) (0.363 m)? = 0.482kg -m?. Then 
w = [(0.482 kg - m?)/(2.88kg - m?)](57.7 rad/s) = 9.66 rad/s, 


with the same rotational sense as the original wheel. 
(b) Same answer, since friction is an internal force internal here. 


E10-24 (a) Assume the merry-go-round is a disk. Then conservation of angular momentum yields 
1 
(57m R? + mgR?)w + (m,R?)(v/R) = 0, 
7 (1.13 kg)(7.82 m/s) /(3.72m) 
. S : m/s . m ie 
= = —5.12«10 d/s. 
- (827 kg) /2 + (50.6kg) AE aes 


(b) v =wR = (—5.12x 10-3rad/s)(3.72m) = —1.90x 10-?m/s. 


E10-25 Conservation of angular momentum: 
(™Mmk? + mgR?)w = mgR?(v/R), 


so 
- (44.3 kg) (2.92 m/s) /(1.22 m) 7 . 
= (7kg\(0.916 m)? + (44.3kg)(L22mye ~ 0-498 tad/s 


E10-26 Use Eq. 10-22: 


Mgr — (0.492kg)(9.81 m/s?) (3.88 x 10-2m) 
7 = = 2.04 rad/s = 0.324 
~P Tw (6.12 x10-4kg - m2) (2728.6 rad/s) ses rev/s 


E10-27| The relevant precession expression is Eq. 10-22. 

The rotational inertia will be a sum of the contributions from both the disk and the axle, but 
the radius of the axle is probably very small compared to the disk, probably as small as 0.5 cm. 
Since I is proportional to the radius squared, we expect contributions from the axle to be less than 
(1/100)? of the value for the disk. For the disk only we use 


1 i 
re 5 MR 7 5 (1-14 kg) (0.487 m)? = 0.135 ke - m?. 


Now for w, 


. 27 rad 1 min 
w = 975 rev/min ( Tene ) ( 60 s ) = 102 rad/s. 


Then L = Iw = 13.8 kg-m?/s. 
Back to Eq. 10-22, 


_ Mgr _ (1.27 kg)(9.81 m/s”)(0.0610 m) 


= = er ; 
- L 13.8 kg - m2/s 0.0551 rad/s 


The time for one precession is 


‘ lrev _ 27 rad Fides 
Wy (0.0551 rad/s) — , 
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P10-1_ Positive z is out of the page. i 
(a) 1= rmvsin 0k = (2.91 m)(2.13 kg)(4.18 m) sin(147°)k = 14.1 kg - m?/sk. 
(b) 7=rF sin 6k = (2.91 m)(1.88 N) sin(26°)k = 2.40 N - mk. 


P10-2 Regardless of where the origin is located one can orient the coordinate system so that the 
two paths lie in the zy plane and are both parallel to the y axis. The one of the particles travels 
along the path x ut, y a, Z b; the momentum of this particle is py = mvi. The other 
particle will then travel along a path « = c—vt, y=a+d, z = b; the momentum of this particle is 
p2 = —mvi. The angular momentum of the first particle is 


I, = muvbj - mvak, 


while that of the second is 7 : : 
l, = —mvbj + mv(a + d)k, 


so the total is I, + ly = mvdk. 


P10-3| Assume that the cue stick strikes the ball horizontally with a force of constant magnitude 
F for a time At. Then the magnitude of the change in linear momentum of the ball is given by 
FAt = Ap = p, since the initial momentum is zero. 

If the force is applied a distance x above the center of the ball, then the magnitude of the torque 
about a horizontal axis through the center of the ball is 7 = «F’. The change in angular momentum 
of the ball is given by TAt = Al = l, since initially the ball is not rotating. 

For the ball to roll without slipping we need v = wR. We can start with this: 


=|B 
S[mP|Psps 
4 
b 
a 


Then « = I/mR is the condition for rolling without sliding from the start. For a solid sphere, 
I= 2mR?, so x = 2R. 


P10-4 The change in momentum of the block is M(v2 — v1), this is equal to the magnitude the 
impulse delivered to the cylinder. According to E10-8 we can write M(v2 —v1)R = Iw. But in the 
end the box isn’t slipping, so wr = v2/R. Then 


Mv2 — Mv = (I/R?)v2, 


or 


vg = 01 /(1+1/MR?). 


P10-5 Assume that the cue stick strikes the ball horizontally with a force of constant magnitude 
F for a time At. Then the magnitude of the change in linear momentum of the ball is given by 
FAt = Ap = p, since the initial momentum is zero. Consequently, FAt = mvp. 

If the force is applied a distance h above the center of the ball, then the magnitude of the torque 
about a horizontal axis through the center of the ball is 7 = hF’. The change in angular momentum 
of the ball is given by rAt = Al = lo, since initially the ball is not rotating. Consequently, the initial 
angular momentum of the ball is Ip = hmvg = Iwo. 
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The ball originally slips while moving, but eventually it rolls. When it has begun to roll without 
slipping we have v = Rw. Applying the results from E10-8, 


m(v — vo) R+ I(w— wo) =0, 


then, if v = 9u0/7, 


P10-6 (a) Refer to the previous answer. We now want v = w = 0, so 


2 
m(v — v9) R 4 =mR? hmvo = 0, 
becomes 

—upR are hvo = 0, 


or h = —R. That’ll scratch the felt. 

(b) Assuming only a horizontal force then 

ee (h + R)vo 

~ RL +2/5)’ 
which can only be negative if h < —R, which means hitting below the ball. Can’t happen. If instead 
we allow for a downward component, then we can increase the “reverse English” as much as we want 
without increasing the initial forward velocity, and as such it would be possible to get the ball to 
move backwards. 


P10-7| We assume the bowling ball is solid, so the rotational inertia will be I = (2/5)MR? (see 
Figure 9-15). 

The normal force on the bowling ball will be N = Mg, where M is the mass of the bowling ball. 
The kinetic friction on the bowling ball is F'y = uzN = prMg. The magnitude of the net torque on 
the bowling ball while skidding is then tT = u,MgR. 

Originally the angular momentum of the ball is zero; the final angular momentum will have 
magnitude | = Iw = Iv/R, where v is the final translational speed of the ball. 

(a) The time requires for the ball to stop skidding is the time required to change the angular 
momentum to 1, so 


Ap Ab _ Q/S)MR/R __2v 
‘i HrMgR Sukg 


Since we don’t know v, we can’t solve this for At. But the same time through which the angular 
momentum of the ball is increasing the linear momentum of the ball is decreasing, so we also have 


Ap _Mv—Mvw _ vwo-v 


At = = = ; 
ae —UnMg Meg 
Combining, 
At = vo — ma 
Lkg 
vo — 5ptpgAt/2 
Meg 
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QupgAt = 2v9 — 5SupgAt, 
Ato = oue. 
THK 

2(8.50 m/s) 


= = 118s. 
7(0.210)(9.81 m/s?) a 


(d) Use the expression for angular momentum and torque, 


v = 5yy,.gAt/2 = 5(0.210)(9.81 m/s?)(1.18 s)/2 = 6.08m/s. 


(b) The acceleration of the ball is F/M = —yg. The distance traveled is then given by 


x 


: i + vot 
a vol, 


= — 5 (0.210)(9.81 m/s”) (1.188)? + (8.50 m/s)(1.18s) = 8.6 m, 


(c) The angular acceleration is T/T = 5ux,g/(2R). Then 


1 
QQ = at + wot, 


5(0.210)(9.81 m/s?) 
4(0.11 m) 


(1.18s)? = 32.6 rad = 5.19 revolutions. 


P10-8 (a) 1 = Iwo = (1/2)MR?u. 
(b) The initial speed is v9 = Rwo. The chip decelerates in a time t = vo/g, and during this time 
the chip travels with an average speed of vp/2 through a distance of 
Vo VO R?w? 
29 29 
(c) Loosing the chip won’t change the angular velocity of the wheel. 


Y = Vayt 


P10-9 Since L = Iw =27rI/T and L is constant, then I x T. But I x R?, so R? «x T and 
AT 2RAR_ 2AR 


T £R2 R- 
Then 2(30.m) 
m 
AT = (86400 s) —_~—_——_ & 0.8. 
(864008) a7 108m) : 
P10-10 Originally the rotational inertia was 
2 87 
I; = MR? = —poR?. 
5 is” 
The average density can be found from Appendix C. Now the rotational inertia is 
87 87 
i 15 (p1 — p2)R? 4 THe 


where p, is the density of the core, R, is the radius of the core, and pg is the density of the mantle. 
Since the angular momentum is constant we have AT/T = AI/I. Then 


AT pi —p2 R} 4 2 _ 10.3 — 4.50 3570° ip 4.50 
T po RB po ~ 5.52 63705 «5.52 
so the day is getting longer. 


1 =—0.127, 
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P10-11| The cockroach initially has an angular speed of we; = —v/r. The rotational inertia of 
the cockroach about the axis of the turntable is J, = mR?. Then conservation of angular momentum 
gives 


leit lsi = les t+ Ise, 
IoWeitTsws,i = Lewes + Iss, 
—mR?vu/r+Iw = (mR? 4+ Dw, 
Iw—mvR 
oe Tam | 


P10-12 (a) The skaters move in a circle of radius R = (2.92m)/2 = 1.46m centered midway 
between the skaters. The angular velocity of the system will be w; = v/R = (1.38m/s)/(1.46 m) = 
0.945 rad/s. 

(b) Moving closer will decrease the rotational inertia, so 


_ IMR? (1.46 m)? 


Z ;= Se (0.945 rad/s) = 9.12 rad/s. 
oMRZ 470m na/® 


Wer 
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E11-1| (a) Apply Eq. 11-2, W = F'scos ¢ = (190 N)(3.3 m) cos(22°) = 580 J. 

(b) The force of gravity is perpendicular to the displacement of the crate, so there is no work 
done by the force of gravity. 

(c) The normal force is perpendicular to the displacement of the crate, so there is no work done 
by the normal force. 


E11-2 (a) The force required is F = ma = (106kg)(1.97 m/s?) = 209N. The object moves with 
an average velocity vay = Uo/2 in a time t = vo/a through a distance 7 = Vayt = ve /(2a). So 


a = (51.3 m/s)? /[2(1.97 m/s”)] = 668 m. 


The work done is W = Fx = (—209N)(668m) = 1.40x10°J. 
(b) The force required is 


F = ma = (106 kg) (4.82 m/s”) = 511N. 


av = (51.3m/s)2/[2(4.82 m/s?)] = 273m. The work done is W = Fx = (—511N)(273m) = 1.40x105J. 


E11-3 (a) W = Fr = (120N)(3.6m) = 430J. 
(b) W = Fxcosé = mgz cos @ = (25kg) (9.8 m/s”)(3.6 m) cos(117°) = 400 N. 
(c) W = Fxcos6, but 6 = 90°, so W = 0. 


E11-4 The worker pushes with a force P; this force has components P, = Pcos@ and P, = Psin@, 
where 6 = —32.0°. The normal force of the ground on the crate is N = mg — Py, so the force of 
friction is f = u,.N = px (mg — Py). The crate moves at constant speed, so P, = f. Then 


PcosO = ux(mg— Psin@), 
- pxmg 
cos 0 + pi, sind” 
The work done on the crate is 
W = P-X=Prcosé = padre oe. 
1+ uy, tan dé 


(0.21)(31.3 ft) (58.7 Ib) 
= = 444 ft - Ib. 
1 + (0.21) tan(—32.0°) ? 


E11-5 The components of the weight are Wj) = mgsin@ and W, = mgcos@. The push P has 
components P = Pcos@ and P, = Psin#@. 

The normal force on the trunk is N = W, + PL so the force of friction is f = ux(mgcosé + 
Psin@). The push required to move the trunk up at constant speed is then found by noting that 
Pl = Wtf. 

Then 
mg(tan 6 + pK) 


P — 
1 — py, tand 
(a) The work done by the applied force is 


(52.3 kg)(9.81 m/s?) [sin(28.0°) + (0.19) cos(28.0°)](5.95 m) 


W = Prcos§ = 
is 1 — (0.19) tan(28.0°) 


= 2160 J. 


(b) The work done by the force of gravity is 


W = mgzxcos( + 90°) = (52.3kg)(9.81 m/s”) (5.95 m) cos(118°) = —1430J. 
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E11-6 6 = arcsin(0.902 m/1.62 m) = 33.8°. 

The components of the weight are Wj, = mgsin@ and W, = mgcos@. 

The normal force on the ice is N = W, so the force of friction is f = xmgcosé. The push 
required to allow the ice to slide down at constant speed is then found by noting that P = W, — f. 
Then P = mg(sin @ — px, cos 6). 

(a) P = (47.2kg) (9.81 m/s?) [sin(33.8°) — (0.110) cos(33.8°)] = 215 N. 

(b) The work done by the applied force is W = Px = (215 N)(—1.62m) = —348 J. 

(c) The work done by the force of gravity is 


W = mgzx cos(90° — 0) = (47.2kg) (9.81 m/s”) (1.62 m) cos(56.2°) = 417 J. 


E11-7| Equation 11-5 describes how to find the dot product of two vectors from components, 


a-b = Azbgz + dyby + azbz, 
(3)(2) + (3)(1) + (8)(3) = 18. 


Equation 11-3 can be used to find the angle between the vectors, 
a = (3)? + (3)? + (3)? = 5.19, 
= (2)?+ (1)? 4 (3)? =3.74. 


Now use Eq. 11-3, 
a-b (18) 
s = = 0.927 
008 = a = 1 19)(3.7) 


and then ¢ = 22.0°. 
E11-8 a-b = (12)(5.8)cos(55°) = 40. 
E11-9 ¢-s = (4.5)(7.3) cos(320° — 85°) = —19. 


E11-10 (a) Add the components individually: 
F=(54244)i+ (4—243)j+ (6-34 2)k = 1li+5j — 7k. 


(b) 6 = arccos(—7/V 11? + 5? + 77) = 120°. 
(c) 6 = arccos(a- b/Vab), or 


(-6)(3)_ _ soyo 


6 
2? + 3) 


+ 42 + 67)(2? 4 


E11-11| There are two forces on the woman, the force of gravity directed down and the normal 
force of the floor directed up. These will be effectively equal, so N = W = mg. Consequently, the 
57 kg woman must exert a force of F = (57kg)(9.8m/s”) = 560N to propel herself up the stairs. 

From the reference frame of the woman the stairs are moving down, and she is exerting a force 
down, so the work done by the woman is given by 


W = Fs = (560 N)(4.5 m) = 2500 J, 


this work is positive because the force is in the same direction as the displacement. 
The average power supplied by the woman is given by Eq. 11-7, 


P = W/t = (2500 J)/(3.5 s) = 710 W. 
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E11-12 P= W/t = mgy/t = (100 x 667 N) (152m) /(55.0s) = 1.84 10°W. 
E11-13 P= Fv = (110N)(0.22m/s) = 24W. 


E11-14 F = P/v, but the units are awkward. 


p— (4800 hp) knot 1 ft/s 745.7W _ 90 agin 
(77 knots) 1.688 ft/s 0.3048 m/s 1 hp 


E11-15| P= Fv = (720 N)(26 m/s) = 19000 W; in horsepower, P = 19000 W(1/745.7 hp/W) = 
25 hp. 


E11-16 Change to metric units! Then P = 4920W, and the flow rate is Q = 13.9 L/s. The 
density of water is approximately 1.00 kg/L , so the mass flow rate is R = 13.9 kg/s. 


ia (4920 kg) 
~ gR- (9.81 m/s2)(13.9 kg/s) 


y = 36.1m, 


which is the same as approximately 120 feet. 


E11-17| (a) Start by converting kilowatt-hours to Joules: 


1 kW -h = (1000 W)(3600 s) = 3.6x 10° J. 


The car gets 30 mi/gal, and one gallon of gas produces 140 MJ of energy. The gas required to 
produce 3.6 x 10°J is 


1 gal 
6x 10°J | ——=—_ ) = 0.026 gal. 
cc "5 (costo) 
The distance traveled on this much gasoline is 
0.026 gal & =) = 0.78 mi. 
1 gal 


(b) At 55 mi/h, it will take 


Avent OE) “oti ei 
55 mi 


The rate of energy expenditure is then (3.6 x 10° J)/(51 s) = 71000 W. 


E11-18 The linear speed is v = 27(0.207 m)(2.53 rev/s) = 3.29m/s. The frictional force is f = 
[tN = (0.32)(180 N) = 57.6N. The power developed is P = Fv = (57.6 N)(3.29 m) = 190 W. 


E11-19 The net force required will be (1380kg — 1220kg)(9.81 m/s?) = 1570N. The work is 
W = Fy, the power output is P = W/t = (1570 N)(54.5 m)/(43.0s) = 1990 W, or P = 2.67 hp. 


E11-20 (a) The momentum change of the ejected material in one second is 
Ap = (70.2kg)(497 m/s — 184m/s) + (2.92 kg)(497 m/s) = 2.34 10kg - m/s. 


The thrust is then F = Ap/At = 2.34 104N. 
(b) The power is P = Fv = (2.34x 104 N)(184m/s) = 4.31x 10°W. That’s 5780 hp. 
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E11-21| The acceleration on the object as a function of position is given by 


20 m/s? 


8m 


= z, 


The work done on the object is given by Eq. 11-14, 


8 8 2 
20 
wef Fede = [ (10 ke) I ik B00 J 
0 0 


8m 


EF11-22 Work is area between the curve and the line F = 0. Then 


W = (10N)(2s) + S(ION)(2s) + 5(-5N)(2s) =25 J. 


E11-23| (a) For a spring, F = —ka, and AF = —kAg. 


AF (240 N) —(-110N) 
i = = 6500 N/m. 
Az (0.060 m) — (0.040 m) ae 


With no force on the spring, 


_ AF (0)—(-110N) | 
Ar =-=— = (6500 NJmy = 0-017 m. 


This is the amount less than the 40 mm mark, so the position of the spring with no force on it is 23 
mm. 
(b) Az = —10 mm compared to the 100 N picture, so 


AF = —kAa = —(6500N/m)(—0.010 m) = 65N. 
The weight of the last object is 110 N —65N = 45N. 


E11-24 (a) W = $k(a,? — 27) = $(1500 N/m)(7.60 x 107-3m)? = 4.33 x 1077. 


rae 


12 
(b) W = 3(1500 N/m)[(1.52 x 10-?m)? — (7.60 107m)? = 1.30x 1071J. 


E11-25 Start with Eq. 11-20, and let F;, =0 while Fy = —mg: 
f f 
W= i. (Ff, dz + Fydy) = =mg | dy = —mgh. 


E11-26 (a) Fo = mv3/ro = (0.675 kg)(10.0 m/s)?/(0.500 m) = 135N. 
(b) Angular momentum is conserved, so v = U9(ro/r). The force then varies as F = mv?/r = 
muvera/r? = Fo(ro/r)>. The work done is 


=. (135 NICO: : 
w= [B-de=' a O50) ((0.300 m)~? — (0.500 m)~”) = 60.0 J. 


E11-27| The kinetic energy of the electron is 


1.60 x 10-19 
sree ee | seine 
leV 
Then 
aK 2(6.7 x 10-19J) : 
== => — 1.2 1 5. 
2 Vn (9.1x10-!kg) me 
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E11-28 (a) K = $(110kg)(8.1 m/s)? = 3600J. 
$(4.2x 10-3kg) (950 m/s)? = 1900 J. 
= 91, 400 tons(907.2 kg/ton) = 8.29 x 10%kg; 


v = 32.0 knots(1.688 ft/s/knot)(0.3048 m/ft) = 16.5 m/s. 


1 
= 5 (8.29 x 10’kg)(16.5 m/s)? = 1.13 10"°J. 


E11-29 (b) AK = W = Fx = (1.67x10~27kg) (3.60 10!5m/s?) (0.0350m) = 2.10x10-!3J. That’s 
2.10 x 10-135 /(1.60x 10-19J/eV) = 1.31 x 10%eV. 
(a) Kp = 2.10x10-18J + 4(1.67x 10-27kg) (2.40 x 10’m/s?) = 6.91 x 10-!8J. Then 


ve = 2K /m = \/2(6.91 x 10-8J) /(1.67 x 10-27kg) = 2.88 x 10’m/s. 


E11-30 Work is negative if kinetic energy is decreasing. This happens only in region CD. The 
work is zero in region BC’. Otherwise it is positive. 


E11-31]| (a) Find the velocity of the particle by taking the time derivative of the position: 


v= oe = (3.0 m/s) — (8.0m/s”)t + (3.0m/s®)¢? 


Find v at two times: t= 0 and t = 4s. 


S) 

= 
S 

2 
I 


(3.0m/s) — 
v(4) = (3.0m/s) — 


8.0 m/s”) (0) + (3.0 m/s?)(0)? = 3.0 m/s, 
8.0m/s”)(4.0s) + (3.0 m/s*)(4.0s)? = 19.0 m/s 


a 


The initial kinetic energy is K; = }$(2.80kg)(3.0m/s)? = 13J, while the final kinetic energy is 
K¢ = $(2.80kg)(19.0m/s)? = 505 J. 
The work done by the force is given by Eq. 11-24, 


W = K; — K, = 505J —13J = 492 J. 
(b) This question is asking for the instantaneous power when t = 3.0s. P = Fv, so first find a; 


a= o = —(8.0m/s?) + (6.0 m/s?)¢. 


Then the power is given by P = mav, and when t = 3s this gives 


P = mav = (2.80kg)(10 m/s*)(6 m/s) = 168 W. 
E11-32 W—=AK =~—K;,. Then 


1 
W= —5 (5.98 10°*kg) (29.8 x 103m/s)? = 2.66 x 10°°J. 


E11-33 (a) K = }(1600kg)(20 m/s)? = 3.2x 10°J. 
(b) P = W/t = (3.2 10°J)/(33s) = 9.7 108W. 
(c) P = Fu = maw = (1600 kg) (20 m/s/33.0s)(20m/s) = 1.9x 104W. 


E11-34 (a) J =1.40x10+u- pm?(1.66 x 107-?"kg/mboxu) = 2.32 x 107*"kg - m?. 
(b) K = 4fw? = 4(2.32x10-4%kg - m2)(4.30x 10! rad/s)? = 2.14x 10-22J. That’s 1.34 meV. 
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E11-35 The translational kinetic energy is Ky = smv’, the rotational kinetic energy is K, = 
51? = 2K¢. Then 


2m 2(5.30 x 10-2%kg) 5 
ar alia 500 m/s) = 6.75 x 10!2 rad/s. 
paca Vi (es ae eS as 


E11-36 K, = 4Jw? = 4(512kg)(0.976 m)?(624 rad/s)? = 4.75 x 107J. 


2 


(b) t= W/P = (4.75 x 107J)/(8130 W) = 5840s, or 97.4 minutes. 


E11-37| From Eq. 11-29, K; = $Jw;?. The object is a hoop, so J = MR?. Then 


1 1 
kes 5M Rw = 5 (31.4 kg)(1.21 m)* (29.6 rad/s)’ = 2.01 x 10* J. 


Finally, the average power required to stop the wheel is 


= - =_ 4 
2 eK 0) SOOO). daa 
t t (14.88) 


P 


E11-38 The wheels are connected by a belt, so rgwa = rpwep, or WA = 3wz. 
(a) Ifl4 =lg then 
In la/wa wp 
Ip ~ lp/wp WA 3° 


(b) If instead K4 = Kp then 


Ia _ 2K 4/wa? * wp? 1 
Ip 2Kp/wp2 wa? Q 


E11-39 (a) w = 27/T, so 


1 An? (5.98 x 104k) (6.37 x 10m)? 
K=5lu*= = 2.57x10?°J 
aa (86, 400s)? 7 


(b) t = (2.57 x 1029J) /(6.17x 10!2W) = 4.17x10'6s, or 1.3 billion years. 


E11-40 (a) The velocities relative to the center of mass are m1v1 = mvV2; combine with vj + v2 = 
910.0 m/s and get 
(290.0kg)v, = (150.0 kg)(910 m/s — v1), 


or 
v1 = (150kg)(910 m/s) /(290 kg + 150kg) = 310 m/s 


and v2 = 600m/s. The rocket case was sent back, so v. = 7600m/s — 310m/s = 7290m/s. The 
payload capsule was sent forward, so vp = 7600 m/s + 600 m/s = 8200 m/s. 
(b) Before, 


1 
K,= 5 (290 ke + 150kg)(7600 m/s)? = 1.271 x10'°J. 


After, 
1 1 
Krp= 5 (290 ke) (7290 m/s)? + 5 (150 kg)(8200 m/s)? = 1.275 x 10'°J. 


The “extra” energy came from the spring. 
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E11-41| Let the mass of the freight car be M and the initial speed be v;. Let the mass of the 
caboose be m and the final speed of the coupled cars be vs. The caboose is originally at rest, so the 
expression of momentum conservation is 


Mv; = Mvp + mop = (M+ m)ve 


The decrease in kinetic energy is given by 


1 1 1 
K,-Kp = =Mov,? — ( <M)? + =mv;? 
f 5 Vv (5 Uf Tye ‘ 
1 
= 5 (Mui? — (M + m)ur’) 
What we really want is (Ki; — K)/K;, so 
K,—K¢ = Mv? — (M+ m)v; 
Kj 7 Mv;? ‘ 


where in the last line we substituted from the momentum conservation expression. 
Then 


K; a Ke _ M =¥ Mg 
Ky M+m Mg+mg 
The left hand side is 27%. We want to solve this for mg, the weight of the caboose. Upon rearranging, 
M 35.0 t 
mg I. yg S29) _ so ton) 49.9'ten: 


P0207 (0.73) 


E11-42 Since the body splits into two parts with equal mass then the velocity gained by one is 
identical to the velocity “lost” by the other. The initial kinetic energy is 


1 
K,= 5 (8.0 kg)(2.0 m/s)? = 16 J. 
The final kinetic energy is 16 J greater than this, so 


i i 
Kr = 323 = 5(4.0kg)(2.0m/s + vy? + 5 (4.0 kg) (2.0 m/s — v)’, 


(8.0 kg) [(2.0m/s)? + 0], 


so 16.0J = (4.0kg)v?. Then v = 2.0m/s; one chunk comes to a rest while the other moves off at a 
speed of 4.0 m/s. 


E11-43 The initial velocity of the neutron is vol, the final velocity is vi. By momentum conser- 
vation the final momentum of the deuteron is mp(voi — vij). Then mav2 = MnvV/v6 + V7. 
There is also conservation of kinetic energy: 
1 1 
=mMnve = =mMyv7 + =mavs. 


2 2 2 


Rounding the numbers slightly we have mq = 2mn, then 4v3 = vi + v7 is the momentum expression 
and vg = v7 + 2v3 is the energy expression. Combining, 


2u9 = 2vj + (vp + vi), 


or v? = vg/3. So the neutron is left with 1/3 of its original kinetic energy. 
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E11-44 (a) The third particle must have a momentum 
D3 —(16.7 x 10~?"kg) (6.22 x 10°m/s)i + (8.35 x 107 ?7kg)(7.85 x 10°m/s)j 
(—1.04i + 0.655j) x 107 kg - m/s. 


I 


b) The kinetic energy can also be written as K = imv? = !m(p/m)? = p?/2m. Then the 
gy 2 2 
kinetic energy appearing in this process is 


1 
K = (16.7 107 *"kg) (6.22 10°m/s)* + 5(8.35 x 10-*’kg) (7.85 x 10°m/s)? 


1 
2 
1 
t 2(11 7x 10-?7kg) (1.23 x 10~ ke { m/s)? = 1.23 107123. 


This is the same as 7.66 MeV. 


P11-1| Change your units! Then 


W (4.5 eV)(1.6x 10-!9 J/eV) - 
— if => 2.1 1 N. 
eee (3.4x 10-9 m) = 


P11-2 (a) If the acceleration is —g/4 the the net force on the block is —Mq/4, so the tension in 
the cord must be T = 3Mq/4. 

(a) The work done by the cord is W = F -§ = (3Mg/4)(—d) = —(3/4)Mgd. 

(b) The work done by gravity is W = F-§ = (—Mg)(—d) = Mgd. 


P11-3 (a) There are four cords which are attached to the bottom load L. Each supports a tension 
F,, so to lift the load 4F' = (840 Ib) + (20.0 lb), or F = 215 |b. 

(b) The work done against gravity is W = F - § = (840 Ib)(12.0 ft) = 10100 ft - lb. 

(c) To lift the load 12 feet each segment of the cord must be shortened by 12 ft; there are four 
segments, so the end of the cord must be pulled through a distance of 48.0 ft. 

(d) The work done by the applied force is W = F- § = (215 lb)(48.0 ft) = 10300 ft - Ib. 


P11-4 The incline has a height h where h = W/mg = (680 J)/[(75kg)(9.81 m/s”)]._ The work 
required to lift the block is the same regardless of the path, so the length of the incline | is 1 = 
W/F = (680 J)/(320N). The angle of the incline is then 

(320 N) 


(75 kg)(9.81 m/s2) _ ny 


A . FF : 
6 = arcsin — = arcsin —— = arcsin 
l mg 


P11-5 (a) In 12 minutes the horse moves x = (5280 ft/mi)(6.20 mi/h)(0.200 h) = 6550 ft. The 
work done by the horse in that time is W = F - § = (42.0 Ib)(6550 ft) cos(27.0°) = 2.45 x 10° ft - Ib. 
(b) The power output of the horse is 
(2.45 x 10° ft - Ib) 
(720s) 


1 hp 


= 550 ft -Ib/s 


= 340 ft - lb/s = 0.618 hp. 


P11-6 In this problem 6 = arctan(28.2/39.4) = 35.5°. 
The weight of the block has components W\, = mg sin @ and W, = mgcos@. The force of friction 
on the block is f = u,.N = u,.mgcos@. The tension in the rope must then be 


T = mg(sin @ + px cos 6) 
in order to move the block up the ramp. The power supplied by the winch will be P = Tv, so 
P = (1380kg) (9.81 m/s”) [sin(35.5°) + (0.41) cos(35.5°)](1.34m/s) = 1.66 x 10*W. 
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P11-7| If the power is constant then the force on the car is given by F = P/v. But the force is 


related to the acceleration by F' = ma and to the speed by F = me for motion in one dimension. 
Then 


P 
Ps: =, 
v 
dv _ ~P 
dt uv’ 
dxrdv  _———P 
dtdx i’ 
dv P 
mu— = — 
dx v? 
mv?dv = . Pdz, 
0 0 
1 
= - Pp 
gin fy 


We can rearrange this final expression to get v as a function of a, v = (3aP/m)'/3. 


P11-8 (a) If the drag is D = bv”, then the force required to move the plane forward at constant 
speed is F = D = bv”, so the power required is P = Fv = bv’. 

(b) P x v°, so if the speed increases to 125% then P increases by a factor of 1.25? = 1.953, or 
increases by 95.3%. 


P11-9 (a) P=mgh/t, but m/t is the persons per minute times the average mass, so 
P = (100 people/min)(75.0kg) (9.81 m/s”)(8.20 m) = 1.01 10¢W. 


(b) In 9.50 s the Escalator has moved (0.620 m/s) (9.50s) = 5.89 m; so the Escalator has “lifted” 
the man through a distance of (5.89 m)(8.20 m/13.3m) = 3.63m. The man did the rest himself. 

The work done by the Escalator is then W = (83.5 kg) (9.81 m/s)(3.63 m) = 2970 J. 

(c) Yes, because the point of contact is moving in a direction with at least some non-zero com- 
ponent of the force. The power is 


P = (83.5 m/s”)(9.81 m/s”) (0.620 m/s)(8.20 m/13.3 m) = 313 W. 


(d) If there is a force of contact between the man and the Escalator then the Escalator is doing 
work on the man. 


P11-10 (a) dP/dv = ab — 3av?, so Pmax occurs when 3v? = b, or v = \/b/3. 
(b) F = P/v, so dF'/dv = —2v, which means F' is a maximum when v = 0. 
(c) No; P =0, but F = ab. 


P11-11| (b) Integrate, 


320 a FE 320 9 
wef F.dg——° (2 — ao) = Forty (5-3), 
0 


or W = 3Fox0/2. 
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P11-12 (a) Simpson’s rule gives 
1 
W= 5 [((10 N) + 4(2.4N) + (0.8N)] (1.0m) = 6.8 J. 


(b) W = [ Fds = [(A/x?)dx = —A/z, evaluating this between the limits of integration gives 
W = (9N- m?)(1/1m — 1/3m) = 6]. 


P11-13| The work required to stretch the spring from 2; to x¢ is given by 


ve k k 


The problem gives 


Kiya Big Kaa 
Wo 1) 79) a! 
We then want to find the work required to stretch from x = | to x = 21, so 
k k 
sor = Oh = ay" 
Wier = F(2*- 24, 
k k 
= 16-4 -—/' 
ea Ane 
Kg 
= 15-l =15W 


P11-14 (a) The spring extension is 61 = \/12 + x? — Io. The force from one spring has magnitude 
kdl, but only the 2 component contributes to the problem, so 


= 72 1 2 ea 


is the force required to move the point. 
The work required is the integral, W = fj} F dx, which is 


W = ka? — 2kloy/12 + x2 + 2kIG 


Note that it does reduce to the expected behavior for x >> lo. 
(b) Binomial expansion of square root gives 


la? lat 
FY Pe ee i ee 
pee (43% 87 ) 


so the first term in the above expansion cancels with the last term in W; the second term cancels 
with the first term in W, leaving 
1, x4 
W = —-k-—. 
An ie 
P11-15 Number the springs clockwise from the top of the picture. Then the four forces on each 
spring are 


FL = k(lo- V2? + (lo — y)?), 
Fy = k(lo—V(lo— 2)? + y?), 
Fs = k(lo- V2? + (lo + y)?), 
Fy = k(lo — V(lo + x)? + y?). 


The directions are much harder to work out, but for small x and y we can assume that 


Then 


Fi = K(lo— V/2? + (lo — yi, 
Fp = k(lo— V(lo— a)? + y?)i, 
F3 = k(lo— V2? + (lot+y)?)5, 
Fa = klo— V(lo +a)? + yi. 


w= [Bas= [+ P)dy+ [P+ Fide, 


Since x and y are small, expand the force(s) in a binomial expansion: 


OF: 
F,(x,y) © Fi(0,0) + ae y = ky; 


x,y=0 


Oy 


x,y=0 


there will be similar expression for the other four forces. Then 


P11-16 


(a) Ky = 


W = f rkydy + f 2ke de = h(a? +9") = hides 


(1100 kg) (12.8 m/s)? = 9.0x 10*J. Removing 51 kJ leaves 39 kJ behind, so 


1 
2 


ve = 2K ¢/m = /2(3.9x104J)/(1100 kg) = 8.4m/s, 


or 30 km/h. 
(b) 39 kJ, as was found above. 


P11-17 


Let M be the mass of the man and m be the mass of the boy. Let ujy be the original 


speed of the man and v,, be the original speed of the boy. Then 


and 


1 1/1 
5 Mun => 3 (Sim) 


1 1 
5 Mum +1.0m/s)? = gm: 


Combine these two expressions and solve for va,, 


1 1/1 
5 Men = 5 (54t(om + 1.0m/5)*) ; 
1 
ve, = 5 (UM + 1.0m/s)?, 
0 = vi, +(2.0m/s)vy + (1.0m/s)?. 


The last line can be solved as a quadratic, and vjg = (1.0m/s) + (1.41 m/s). Now we use the very 
first equation to find the speed of the boy, 


1 1/1 
5 Mon = 3 (Sm) 5 
1 
Ui = qm 
2UuMm = Um. 


P11-18 (a) The work done by gravity on the projectile as it is raised up to 140 m is W = 
—mgy = —(0.550 kg) (9.81 m/s?)(140m) = —755J. Then the kinetic energy at the highest point is 
1550 J — 755J = 795J. Since the projectile must be moving horizontally at the highest point, the 
horizontal velocity is vz = /2(795 J)/(0.550kg) = 53.8 m/s. 

(b) The magnitude of the velocity at launch is v = \/2(1550J)/(0.550kg) = 75.1m/s. Then 
Vy = \/(75.1m/s)? — (53.8 m/s)? = 52.4m/s. 

(c) The kinetic energy at that point is $(0.550kg)[(65.0 m/s)? + (53.8m/s)?] = 1960 J. Since it 
has extra kinetic energy, it must be below the launch point, and gravity has done 410 J of work on 
it. That means it is y = (410 J) /[(0.550 kg) (9.81 m/s)] = 76.0m below the launch point. 


P11-19 (a) K = }mv? = 


K =9.0x10* megatons. 
(b) The diameter will be /8.98 x 104 = 45 km. 


(8.38 x 10!4+kg)(3.0 x 104m/s)? = 3.77 x 107°J. In terms of TNT, 


1 
2 


P11-20 (a) Wz = —(0.263kg) (9.81 m/s?)(—0.118 m) = 0.304 J. 

(b) W, = —4(252N/m)(—0.118 m)? = —1.75 J. 

(c) The kinetic energy just before hitting the block would be 1.75 J —0.304J = 1.45 J. The speed 
is then v = \/2(1.45J)/(0.263kg) = 3.32 m/s. 

(d) Doubling the speed quadruples the initial kinetic energy to 5.78 J. The compression will then 
be given by 


i 
—5.78 J = — 5 (252 N/m)y? — (0.263 kg) (9.81 m/s”)y, 


with solution y = 0.225 m. 


P11-21)| (a) We can solve this with a trick of integration. 


W = i, F dz, 
) 
x t 
/ ee dr = ma, | Lee 
‘ dt » dt 
t 


t 
= may | vy dt= ma, | at dt, 
0 0 


1 
“mazt’. 


2 


I 


Basically, we changed the variable of integration from « to t, and then used the fact the the accel- 
eration was constant so vz = Vox + Gzt. The object started at rest so vg, = 0, and we are given in 
the problem that ve = ats. Combining, 


1 1 ig 
W= amaze = rill (3) t?. 


(b) Instantaneous power will be the derivative of this, so 


2 
dt te 
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P11-22 (a) a = (—39.0 rev/s)(2m rad/rev)/(32.0s) = —7.66 rad/s*. 
(b) The total rotational inertia of the system about the axis of rotation is 


I = (6.40 kg) (1.20 m)?/12 + 2(1.06 kg)(1.20 m/2)? = 1.53ke - m?. 


The torque is then + = (1.53kg- m?)(7.66 rad/s”) = 11.7N-m. 
(c) K = $(1.53kg - m?)(245 rad/s)? = 4.59 x 10*J. 
(d) 0 = wWayt = (39.0 rev/s/2)(32.0s) = 624 rev. 
(e) Only the loss in kinetic energy is independent of the behavior of the frictional torque. 


P11-23 The wheel turn with angular speed w = v/r, where r is the radius of the wheel and v the 
speed of the car. The total rotational kinetic energy in the four wheels is then 


1 1 2 
Kr = 4=Iw? = 2} =(11.3kg)r? BE = (11.3ke)v?. 
2 2 fr 


The translational kinetic energy is Ky, = $(1040 kg)v?, so the fraction of the total which is due to 


the rotation of the wheels is 
11.3 


_-*" __ _ 9.9213 or 2.13%. 
520 + 11.3 ences 


P11-24 (a) Conservation of angular momentum: w, = (6.13kg - m?/1.97kg - m?)(1.22 rev/s) = 
3.80 rev/s. 
(b) K, «x Iw? « I?/I, so 


K;,/K, = 1;/T¢ = (6.13kg -m?)/(1.97kg - m?) = 3.11. 


P11-25| We did the first part of the solution in Ex. 10-21. The initial kinetic energy is (again, 
ignoring the shaft), 


1 
Ky= eee 


since the second wheel was originally at rest. The final kinetic energy is 


Ke = (1 + Ib) G;?, 


1 
2 
since the two wheels moved as one. Then 


Ki-Kp — 5hOi2 - 5(ht+ h)G?? 
Ky 31d, i? ; 


where in the last line we substituted from the results of Ex. 10-21. 
Using the numbers from Ex. 10-21, 


K,— K¢ (1.27 kg-m?) 


=1 = 79.2%. 
Ki (1.27kg-m?) + (4.85 kg-m2) a 
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P11-26 See the solution to P10-11. 


while ‘ 
Ks = gb + mR?) we,” 
according to P10-11, 
_ Iw-—mvR 
we T+ mR | 
Then 
me 1 dw — mvR)? 
2 I+mkR? 
Finally, 


1 (Iw — mvR)*? — (I + mR?)(Iw? + mv?) 
I+mR? , 
1 ImR?w? + QmvRIw + Imv? 
2 I+mR? : 
Im (Rw + v)? 
2 T+mR2° 


Ak = 


P11-27 See the solution to P10-12. 


(a) K; = 5 liw;?, so 


1 
Kees (2(51.2kg)(1.46 m)”) (0.945 rad/s)? = 97.5 J. 


(b) Ks = 4 (2(51.2kg)(0.470 m)?) (9.12 rad/s)? = 941 J. The energy comes from the work they 
do while pulling themselves closer together. 


P11-28 K = 4mv’? xP” =_p-p. Then 


2 2m 
Kp = 5-(8:+ AB): (B+ AB), 
= - (p;? + 2p; - Ap + (Ap)”) , 
AK = - (2p; - Ap + (Ap)’) . 


In all three cases Ap = (3000 N)(65.0s) = 1.95x10°N-s and p; = (2500kg)(300 m/s) = 7.50x10°kg - 
m/s. 
(a) If the thrust is backward (pushing rocket forward), 


+2(7.50 x 10°kg - m/s)(1.95 x 10°N - s) + (1.95 x 10°N - s)? 


AK i= = +6.61x 107J. 
S500 KS) +6.61x107J 
(b) If the thrust is forward, 
= Shee. 5X. 5N . <)2 
AK = 2(7.50 x 10°kg - m/s)(1.95 x 10°N -s) + (1.95 x 10°N - s) — -§ 09x107J, 


2(2500 kg) 
(c) If the thrust is sideways the first term vanishes, 


+(1.95 x 10°N - s)? 


AK = 
2(2500 kg) 


= 7.61x10°J. 
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P11-29| There’s nothing to integrate here! Start with the work-energy theorem 


1 1 
W = Kes K; = amr amis 
=> ni (ue? — 0; ) 
) 1 ? 
1 
= 51 (ve vi) (ve + vi) , 


where in the last line we factored the difference of two squares. Continuing, 
W = =(mve — mvj) (ve + vi), 


(Ap) (vr + vi) , 


Nl w]e 


but Ap = J, the impulse. That finishes this problem. 


P11-30 Let M be the mass of the helicopter. It will take a force Mg to keep the helicopter 
airborne. This force comes from pushing the air down at a rate Am/At with a speed of v; so 
Mg = vAm/At. The blades sweep out a cylinder of cross sectional area A, so Am/At = pAv. 
The force is then Mg = pAv?; the speed that the air must be pushed down is v = \/Mg/pA. The 


minimum power is then 


Mg __ | (1820kg)3(9.81 m/s2)3 : 
nf [eros ae wiry 


P11-31 (a) Inelastic collision, so vg = mv;/(m+ M). 
(b) K = mv" = p’/2m, so 


AK _ 1/m-1/(m+M) M 


Ky 1/m m+M 


P11-32 Inelastic collision, so 


(1.88kg)(10.3m/s) + (4.92kg)(3.27 m/s) 
(1.88kg) + (4.92 kg) 


UE = 


=5.21m/s. 


The loss in kinetic energy is 


(1.88kg)(10.3m/s)? _ (4.92kg)(3.27m/s)? _ (1.88kg + 4.92kg) (5.21 m/s)” 
2 : 2 y) 


AK = = 33.7 J. 


This change is because of work done on the spring, so 


a = \/2(33.7J)/(1120 N/m) = 0.245m 
P11-33 pr,8 = pi,a + Pi,B — Bra, So 


Bip = [(2.0kg)(15 m/s) + (3.0kg)(—10 m/s) — (2.0kg)(—6.0 m/s)]i 
+[(2.0 kg) (30 m/s) + (3.0 kg)(5.0 m/s) — (2.0kg)(30 m/s)]j, 
(12kg- m/s)i+ (15 kg - m/s)j. 
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Then ¥;,8 = (4.0m/s)i + (5.0m/s)j. Since K = %(vz +;), the change in kinetic energy is 


Ax (2.0 kg)[(—6.0 m/s)? + (30 m/s)? — (15 m/s)? — (30m/s)?] 
2 
0 kg)[(4.0 m/s)? + (5 m/s)? — (—10 m/s)? — (5.0m/s)?] 
2 


I 


—315 J. 


P11-34 For the observer on the train the acceleration of the particle is a, the distance traveled is 
az, = 5at”, so the work done as measured by the train is W_ = maa, = 4a7t?. The final speed of 
the particle as measured by the train is v; = at, so the kinetic energy as measured by the train is 
K = }mv? = 4m(at)?. The particle started from rest, so AK, = W,. 

For the observer on the ground the acceleration of the particle is a, the distance traveled is 
tg = sat? + ut, so the work done as measured by the ground is Wz = mazg = $a7t? + maut. 
The final speed of the particle as measured by the ground is vg = at + u, so the kinetic energy as 
measured by the ground is 
2 


ey acti hal 1 
g= ym = gmat + u) = aot + maut + mu". 


But the initial kinetic energy as measured by the ground is smu’, soW, = AKg. 


P11-35 (a) Ky = $mjv1,. 


(b) After collision ve = m1v1,i/(m1 + ma), so 


1 MUL ; 1 2 my 
. — a =S i ———— ‘ 
Ks 5 (71 + m2) (nu) smu, sie 


(c) The fraction lost was 
My ms 


my + Me my + Me 


(d) Note that vam = ve. The initial kinetic energy of the system is 


1 1 
Kj => sme 1a + gimev' ai 
The final kinetic energy is zero (they stick together!), so the fraction lost is 1. The amount lost, 
however, is the same. 


P11-36 Only consider the first two collisions, the one between m and m’, and then the one between 
m’ and M. 

Momentum conservation applied to the first collision means the speed of m’ will be between 
v’ = mvo/(m+m’) (completely inelastic)and vu’ = 2mvo/(m+m’) (completely elastic). Momentum 
conservation applied to the second collision means the speed of M will be between V = m'v'/(m'+M) 
and V = 2m'v'/(m'+M). The largest kinetic energy for M will occur when it is moving the fastest, 
j 2mvo Qm'v' 4m'muvpo 


eS mt mm ye m+M  (m+m’)(m'+ M) 


We want to maximize V as a function of m’, so take the derivative: 


dV Amvo(mM — m’?) 


dm! (m' + M)?(m+m/’)?" 


This vanishes when m’ = VmM. 
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E12-1 (a) Integrate. 


U(x) = -| (eae ae Cee 
a x x 
(b) W = U(x) — U(x+4+d), so 
1 1 d 
a (- =i) mam" (e+ d) 
E12-2 Ifd<< <2 then 2(x+d) = 27, so 
We Gta. 
E12-3) Start with Eq. 12-6. 
U(a)-—U(a) = —- F,(x)dz, 
xo 
= -{ (-awe* ) dx 
xO 
2 egal" 
= —e 
23 bes 


Finishing the integration, 


E12-4 AK = —AU so AK = mgAy. The power output is then 


(1000 kg/m’) (73, 800 m3) 
(60s) 


P = (58%) (9.81 m/s”)(96.3 m) = 6.74x 10°W. 


E12-5 AU =—AK, so $ka? = $mv?. Then 


mv? (2.38 kg) (10.0 x 103 /s) 
= | = 1.10 10°N/m. 
aa: (147m) ce 


Wow. 


E12-6 AU, + AU, = 0, since kK = 0 when the man jumps and when the man stops. 


AU; = —mgAy = (220 Ib) (40.4 ft) = 8900 ft - Ib. 


E12-7| Apply Eq. 12-15, 


Kg + Us = K; zc U;, 
1 2 1 2 
py +mgyr = pe +mgyi, 
1 1 
sur +9(—r) = 5(0)?+9(0). 


Rearranging, 


vp = /—29(—1) = \/—2(9.81 m/s?) (—0.236 m) = 2.15 m/s. 
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Then 


E12-8 (a) K = mv? = $(2.40kg)(150 m/s)? = 2.70x 1040. 
(b) Assuming that the ground is zero, U = mgy = (2.40 kg)(9.81 m/s?)(125 m) = 2.94 10°J. 
(c) Kp = K, + U; since Us = 0. Then 


2.70 x 1045) + (2.94 103 
vem ps 70104) + (2.94%109J) _ p55 7g 


(2.40kg) 


Only (a) and (b) depend on the mass. 


E12-9 (a) Since Ay = 0, then AU = 0 and AK = 0. Consequently, at B, v = vo. 
(b) At C Ko = Ka + Ua, — Uc, or 


1 , h 

~muc* = =mvp* + mgh — mg-, 

2 2 
or 

h 
vp = 4/v92 + 295 = Vu? + gh 
(c) At D Kp = Ka + Ua — Up, or 

1 1 

xmup = 5mnvo + mgh — mg(0), 
or 


UB = VU02 + 2gh. 


E12-10 From the slope of the graph, k = (0.4N)/(0.04m) = 10N/m. 
(a) AK = —AU, so mvj? = $k2;?, or 


(10 N/m) 
= ,/ A" (0.0550 m) = 2.82m/s. 
** = \! 7 00380kg) | a as 


(b) AK = —AU, so $mv;? = $k(a;? — a¢?), or 


= (10 N/m) 2 2) — : 
Up = (aoe [((0.0550 m)? — (0.0150 m)?] = 2.71 m/s. 


E12-11]| (a) The force constant of the spring is 


k = F/a = mg/x = (7.94kg)(9.81 m/s”) /(0.102 m) = 764 N/m. 


(b) The potential energy stored in the spring is given by Eq. 12-8, 


1 1 
Us 5 ke = 5 (764 N/m)(0.286 m + 0.102 m)? = 57.5 J. 


(c) Conservation of energy, 


Ket+tUp = Ki+Ui, 
1 2 12 1 2 bs. 
gine + mays + 5 hae = 5m + mgyi + 5 kati ; 
10)? +mgh+ 10)? = 1)? +mg(0) + rene 
2 2 2 2 
Rearranging, 
ky (764N/m) 


(0.388 m)? = 0.738 m. 


Img! — 2(7.94kg)(9.81 m/s?) 
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E12-12 The annual mass of water is m = (1000kg/m?)(8 x 10!2m?)(0.75m). The change in 
potential energy each year is then AU = —mgy, where y = —500m. The power available is then 


(0.75m) 


—— (500m) = 3.210" W. 
(3.15x10'm) OO) . 


1 
P= 3 (1000 ke /m?)(8 x 10'?m?) 


E12-13 (a) From kinematics, v = —gt, so K = $mg?t? and U = Up — K = mgh — $mg?t?. 
(b) U = mgy so K = Up —U = mg(h— y). 


E12-14 The potential energy is the same in both cases. Consequently, mgzAyr = mgumAym, and 


then 
ym = (2.05m — 1.10m)(9.81 m/s”) /(1.67 m/s”) + 1.10 m = 6.68 m. 
E12-15| The working is identical to Ex. 12-11, 
Ket+tUp = Kj, +Uij, 

1 2 sate Li 2 =A 1 gFnate : LF 2 

ge UE MgGUt 2 XE => ig MgGYVi 2 Xi, 

*(0)2-+mgh + k(0)2, = =(0)2 + mg(0) + =key? 

2 THe PEG 2 19 ee ra 
= k 2080 N 

h= 2 ( /™) 197m)? = 1.92m. 


QImg'! — 2(1.93kg)(9.81 m/s2) 


The distance up the incline is given by a trig relation, 


d = h/sin@ = (1.92 m)/sin(27°) = 4.23 m. 


E12-16 The vertical position of the pendulum is y = —lcos6@, where @ is measured from the 
downward vertical and / is the length of the string. The total mechanical energy of the pendulum is 


if we set U = 0 at the bottom of the path and vp is the speed at the bottom. 


U=mg(l+y). 


E= ~MUp 


1 


2 


2 


(a) K = E—U = imv,? — mgl(1 — cos). Then 


2 


In this case 


v = /(8.12 m/s)? — 2(9.81 m/s?)(3.82 kg)(1 — cos 58.0°) = 5.54m/s. 


(b) U= E— K, but at highest point K = 0. Then 


6 = arccos (1 


1 


(8.12 m/s)? 


(c) E = $(1.33kg)(8.12 m/s)? = 43.8 J. 


E12-17 The equilibrium position is when F = ky 


s(ky)y = 4mgy. So 2AU, = —AUg. 


2 (9.81 m/s?) (3.82 kg 
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) = 83.1°. 


mg. Then AU, = —mgy and AU, = 


E12-18 Let the spring get compressed a distance x. If the object fell from a height h = 0.436 m, 


then conservation of energy gives $kx? = mg(a +h). Solving for x, 
_ mg, (m2)" omg 
x ied / b T ke h 


only the positive answer is of interest, so 

1 — 214kg)(9.81m/s?) , | / (2.14kg) (9.81 m/s?) z ay 
7 (1860 N/m) fa (1860 N/m) 

The horizontal distance traveled by the marble is R = vt¢, where t, is the time of flight 

and v is the speed of the marble when it leaves the gun. We find that speed using energy conservation 


2.14ke)(9.81 m/s?) 
0.436 m) = 0.111m. 
(is60N/m) 0 436™) = 


E12-19 
principles applied to the spring just before it is released and just after the marble leaves the gun. 


K,+U;, = Ke+Us, 
1 1 
O+ 5 ke” = yw +0. 


Kk; = 0 because the marble isn’t moving originally, and Us = 0 because the spring is no longer 


i (iy cae 
“ke? =im(—) . 
hie sm(2) 


We have two values for the compression, x; and xo, and two ranges, R, and Ry. We can put both 
pairs into the above equation and get two expressions; if we divide one expression by the other we 


: ey (a), 


compressed. Substituting R into this, 


R, was Bobby’s try, and was equal to 2.20 — 0.27 = 1.93m. x; = 1.1 cm was his compression. If 


Rhoda wants to score, she wants Ry = 2.2m, then 
2.2m 
LQ = Loan cm = 1.25 cm. 


F12-20 Conservation of energy— U; + Ky, = U2 + K2— but U; = mgh, K, = 0, and U2 = 0, so 


Ky= smv = mgh at the bottom of the swing. 
the tension T minus the weight W = mg. Then 2mgh/r = T — mg. Rearranging, 
2(8.5 ft) 
T = (180 lb) | ———~ + 1} = 241 Ib. 
( ) ( (50 ft) ¥ ) 


2 
The net force on Tarzan at the bottom of the swing is F = mv?/r, but this net force is equal to 


This isn’t enough to break the vine, but it is close. 
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E12-21 Let point 1 be the start position of the first mass, point 2 be the collision point, and point 
3 be the highest point in the swing after the collision. Then U; = Ko, or sm v1" = m gd, where v, 
is the speed of m1 just before it collides with mz. Then v1 = \/2gd. 

After the collision the speed of both objects is, by momentum conservation, v2 = m1U1/(m1+mz2). 

Then, by energy conservation, U3 = K}, or $(m1 + mz2)v2? = (mi + m2) gy, where y is the height 
to which the combined masses rise. 

Combining, 


E12-22 AK =—AU, so 


1 1 
5 + 5 iu" = mgh, 


where I = MR? and w = v/R. Combining, 


1 1 
sw + ree = mgh, 


4mgh 4(0.0487 kg)(9.81m/s?)(0.540 m) _ ees 
~VIm+M 2(0.0487 kg) + (0.396 kg) 


E12-23| There are three contributions to the kinetic energy: rotational kinetic energy of the shell 
(Ks), rotational kinetic energy of the pulley (K,), and translational kinetic energy of the block 
(i). The conservation of energy statement is then 


so 


Kei t Kyi t+ Koi t Ui; = Kee t+ Ky s+ Koe + Us, 
1 1 1 
(0) + (0) +(0)+(0) = 5 laws” + sie + 5m. + mgy. 


Finally, y = —h and 
WR = Wpr = Up. 


Combine all of this together, and our energy conservation statement will look like this: 
1/2 Up\2 1 Up\2 1 
0=5(2mr*) (2) +27,(2) 2 _mgh 
2 € ) Ry. My hg) Sages 


which can be fairly easily rearranged into 


2 2mgh 
~ 2M/3+Ip/r? +m’ 


Ub 


E12-24 The angular speed of the flywheel and the speed of the car are related by 


_ w _ (1490 rad/s) _ 
k= a Ol0me) = 62.1 rad/m. 


The height of the slope is h = (1500m) sin(5.00°) = 131m. The rotational inertia of the flywheel is 


(194) 


1 
= -_\¥*"! _(0.54m)? = 2.88kg - m?. 
[Gaim oe ee 
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(a) Energy is conserved as the car moves down the slope: U; = K¢, or 


1 1 1 1 
mgh = ue + 5 lw — rw + al keu, 


2mgh 2(822 kg) (9.81 m/s?)(131 m) = 13.3m/ 
~Vin+ik?  \ (822ke) + (2.88kg-m?)(62.1rad/m2 
or 47.9 m/s. 


(b) The average speed down the slope is 13.3m/s/2 = 6.65m/s. The time to get to the bottom 
is t = (1500 m)/(6.65 m/s) = 226s. The angular acceleration of the disk is 


— w — (13.3 m/s)(62.1 rad/m) 
a a (226 s) 


= 3.65 rad/s’. 


(c) P= Tw = Iaw, so 


P = (2.88kg - m?)(3.65 rad/s*)(13.3 m/s) (62.1 rad/m) = 8680 W. 


E12-25 (a) For the solid sphere J = 2mr?; if it rolls without slipping w = vu/r; conservation of 


energy means kK; = Ur. Then 
1 1/2 2 
yw + 3 (Za) (“) = mgh. 


(5.18 m/s)? - (5.18 m/s)? 
2(9.81m/s?)  5(9.81 m/s?) 
The distance up the incline is (1.91 m)/sin(34.0°) = 3.42 m. 
(b) The sphere will travel a distance of 3.42 m with an average speed of 5.18m/2, so t = 
(3.42 m) /(2.59 m/s) = 1.32s. But wait, it goes up then comes back down, so double this time to get 
2.64 s. 
(c) The total distance is 6.84m, so the number of rotations is (6.84 m)/(0.0472 m)/(27) = 23.1. 


or 


h= =1.91m. 


E12-26 Conservation of energy means $mv? + $Iw? = mgh. But w = v/r and we are told 
h = 3v?/4g, so 
ir ee 3u? 
amv + 5! 72 =mg re 
or 
I = 2r? (Gn >) = <mr’, 


which could be a solid disk or cylinder. 


E12-27| We assume the cannon ball is solid, so the rotational inertia will be J = (2/5)M R? 

The normal force on the cannon ball will be N = Mg, where M is the mass of the bowling ball. 
The kinetic friction on the cannon ball is Fy = wxN = pxrMg. The magnitude of the net torque on 
the bowling ball while skidding is then 7 = u,MgR. 

Originally the angular momentum of the cannon ball is zero; the final angular momentum will 
have magnitude | = Iw = Iv/R, where v is the final translational speed of the ball. 

The time requires for the cannon ball to stop skidding is the time required to change the angular 
momentum to 1, so 


Al _ (2/5)MR?v/R __2v 
T teMgR Burg 


At = 
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Since we don’t know At, we can’t solve this for v. But the same time through which the angular 
momentum of the ball is increasing the linear momentum of the ball is decreasing, so we also have 


Ap Mv—Mvo _ vo-v 


At = = = 
—Fs —HrMg Leg 
Combining, 
2u V9 — Uv 
SURG Meg 
2u 5(vo — v), 
Vv = 5u0/7 
2 
1 
Jo 
ws 
mee 
-2 
0 1 2 3 4 5 6 0 1 2 3 4 5 6 
x(m) x (m) 
E12-28 


E12-29 (a) F = —AU/Az = —{(-—17 J) — (—3J)]/[(4m) — (1m)] = 4.7N. 

(b) The total energy is $(2.0kg)(—2.0m/s)? + (—7J), or -3J. The particle is constrained to 
move between « = 1m and « = 14m. 

(c) When « = 7m K = (—3J) — (—17J) = 14J. The speed is v = \/2(14J)/(2.0kg) = 3.7m/s. 


E12-30 Energy is conserved, so 


ie ee 
=MVU9 = 5 +mgy, 


v= \/ ve — 29y, 


or 


which depends only on y. 


E12-31| (a) We can find F, and F, from the appropriate derivatives of the potential, 


Fe, Ss eee aey 
Ox 

OU 
Fis eae 


The force at point (x,y) is then 
F = F,i + Fyj = —kzi — ky}. 


(b) Since the force vector points directly toward the origin there is no angular component, and 
Fo =0. Then F,. = —kr where r is the distance from the origin. 
(c) A spring which is attached to a point; the spring is free to rotate, perhaps? 
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E12-32 (a) By symmetry we expect F, Fy, and F, to all have the same form. 
r= OU = —kax 
© dx (a2 + y2 + 22)8/2’ 
with similar expressions for Fy and F,. Then 
—k 
(x2 + 2 + 22)3/2 


F= 


(xi + yj + 2k). 


(b) In spherical polar coordinates r? = x? + y? + z?. Then U = —k/r and 
OU k 
fis Ss 
Or r? 
E12-33 We'll just do the paths, showing only non-zero terms. 
Path 1: W = 0 (—koa) dy) = —kgab. 
Path 2: W = {jy (—k1b) dz) = —kyab. 
Path 3: W = (cos¢ sing) fo(—ki — ke)r dr = —(k1 + ka) ab/2. 
These three are only equal if ky = ko. 


P12-1| (a) We need to integrate an expression like 


[ ee 
oo (2 +1)? es 


The second half is dealt with in a similar manner, yielding 


k k 
es pat ae a 
(b) If z >> 1 then we can expand the denominators, then 
k k 
U(z) = Ties SY 
_ (k kN (hk, kel 
Hea) Gea) 
_ 2k 
= = 


P12-2 The ball just reaches the top, so Kg = 0. Then kK, = Ug —-U, = mgL, so vy = 


/2(mgL)/m = V2gL. 


P12-3 Measure distances along the incline by x, where x = 0 is measured from the maximally 
compressed spring. The vertical position of the mass is given by xsin@. For the spring k = 
(268 N)/(0.0233 m) = 1.15x104N/m. The total energy of the system is 


1 
5 (1-15 x 104N/m)(0.0548 m)? = 17.3 J. 


(a) The block needs to have moved a vertical distance x sin(32.0°), where 
17.33 = (3.18 kg) (9.81 m/s”)z sin(32.0°), 


or « = 1.05m. 
(b) When the block hits the top of the spring the gravitational potential energy has changed by 


AU = —(3.18kg)(9.81 m/s”) (1.05 m — 0.0548 m) sin(32.0°) = 16.5, J; 
hence the speed is v = \/2(16.5 J)/(3.18kg) = 3.22 m/s. 
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P12-4 The potential energy associated with the hanging part is 


Lea _ Mg» MgL 

= I... Ty oY ay 739” 
so the work required is W = MgL/32. 
P12-5| (a) Considering points P and Q we have 

Kp+Up = Kg+Uea, 
(0) + mg(5R) = mv? + mg(R), 
4mgR = sme, 
8g9R = v. 


There are two forces on the block, the normal force from the track, 


m(8gR) 
R 


mv? 


R= 


= 8mg, 


and the force of gravity W = mg. They are orthogonal so 


Fret = V/(8mg)? + (mg)? = V65 mg 


and the angle from the horizontal by 


or 6 = 7.13° below the horizontal. 

(b) If the block barely makes it over the top of the track then the speed at the top of the loop 
(point S$, perhaps?) is just fast enough so that the centripetal force is equal in magnitude to the 
weight, 

mug?/R = mg. 


Assume the block was released from point T. 
Kr +Ur 


(0) + mgyr 


YT 


The energy conservation problem is then 
Kg+Us, 


1 2 
5 Us + mgys, 


5(R) + m(2R), 
5R/2. 


P12-6 The wedge slides to the left, the block to the right. Conservation of momentum requires 
Moy + mvp, = 0. The block is constrained to move on the surface of the wedge, so 


Ub,y 


tana = ————_, 


or 


Ub,a — Uw 


Ub,y = Ub,2 tana(1+m/M). 
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Conservation of energy requires 


1 1 
=<movp? + =—Movy? = mgh. 


2 2 
Combining, 
1 1 A 
gm (rea + Up,y") + gM (Fon.x) = mgh, 
(tan? a(1+m/M)? +14 =) Via? = gh; 
(sin? a(M +m)? + M? cos* a +mM cos? a) vp.2”7 = 2M? ghcos’ a, 
(M? +mM + mM sin? a+ m? sin? ) Ub," = 2M*ghcos? a, 
((M+m)(M+msin?a)) vp2? = 2M?ghcos* a, 
or 
2gh 
Up.2 = M cosa 2 ne 
(M+ m)(M + msin“ a) 
Then 


2gh 
Uw = —MCos a oe 
(M+ m)(M + msin“* a) 


P12-7 U(«)=— { F, dx = —Ax?/2— Br? /3. 
(a) U = —(—3.00 N/m) (2.26 m)?/2 — (—5.00 N/m?) (2.26 m)?/3 = 26.9 J. 
(b) There are two points to consider: 
U, = —(-3.00N/m)(4.91 m)?/2 — (—5.00N/m?”)(4.91 m)?/3 = 233 J, 
Uz, = —(-—3.00N/m)(1.77m)?/2 — (—5.00 N/m?) (1.77 m)?/3 = 13.9 J, 
1 
Kj-= 5 (1-18kg) (4.13 m/s)’ =1045: 
Then 


2(10.13 + 2333 — 13. 
= fe T0385 3.99) _ i9.7m/s, 


(1.18kg) 


P12-8 Assume that Up = Ko = 0. Then conservation of energy requires K = —U; consequently, 
v = /2g(-y). 

(a) v = \/2(9.81 m/s?) (1.20 m) = 4.85 m/s. 

(b) v = /2(9.81 m/s?) (1.20 m — 0.45m — 0.45m) = 2.43 m/s. 


P12-9| Assume that Up = Ko = 0. Then conservation of energy requires kK = —U; consequently, 


v = \/2g(—y). If the ball barely swings around the top of the peg then the speed at the top of the 
loop is just fast enough so that the centripetal force is equal in magnitude to the weight, 


mv? /R= mg. 
The energy conservation problem is then 
mu? = 2mg(L—2(L —d)) = 2mg(2d—L) 
mg(L—d) = 2mg(2d-—-L), 
d = 3L/5. 
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P12-10 The speed at the top and the speed at the bottom are related by 


1 1 
ue = yee + 2mgR. 


The magnitude of the net force is F = mv?/R, the tension at the top is 
Ti = mv,7/R —mdg, 


while tension at the bottom is 
Ty = mvp? /R+ mg, 


The difference is 
AT = 2mg + m(vp? — v4?)/R = 2mg + 4mg = 6mg. 


P12-11)| Let the angle 0 be measured from the horizontal to the point on the hemisphere where 
the boy is located. There are then two components to the force of gravity— a component tangent 
to the hemisphere, Wj), = mgcos@, and a component directed radially toward the center of the 
hemisphere, W, = mgsin 0. 

While the boy is in contact with the hemisphere the motion is circular so 


mv? /R=W,—N. 


2 


When the boy leaves the surface we have mv?/R = W_, or mv? = mgRsin§. Now for energy 


conservation, 


KkK+U = KotUo, 


ere 
=mu~ + mgy 


I 


1 
5(0)” + mgR, 


2 
1 
39k siné+mgy = mgR, 
1 
= = R 
a4 ry , 
y = 2R/3. 


P12-12 (a) To be in contact at the top requires mv,?/R = mg. The speed at the bottom would 
be given by energy conservation 


1 
Mvp? = sme + 2mgR, 


SO Up = V5gR is the speed at the bottom that will allow the object to make it around the circle 
without loosing contact. 
(b) The particle will lose contact with the track if mv?/R < mgsin 6. Energy conservation gives 


1 1 
577 = zm + mgR(1+sin 6) 


for points above the half-way point. Then the condition for “sticking” to the track is 
1 
Rv — 2g(1+sin 6) < gsin@, 


or, if vp = 0.7750, 
5(0.775)? — 2 < 3sing, 


or 0 = arcsin(1/3). 
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P12-13 The rotational inertia is 
1 2 2_ 4 2 
De + ML a : 


Conservation of energy is 
1 
ale = 3Mg(L/2), 


so w = 1/9g/(4L). 


P12-14 The rotational speed of the sphere is w = v/r; the rotational kinetic energy is K, = 
iy re ee eee 
51w => 5 inv - 

(a) For the marble to stay on the track mv?/R = mg at the top of the track. Then the marble 


needs to be released from a point 


1 1 
mgh = sw + 5m + 2mgR, 


or h = R/2+ R/5+2R=2.7R. 
(b) Energy conservation gives 


1 1 
6mgRk = yw + am +mgR, 


or mv?/R = 50mg/7. This corresponds to the horizontal force acting on the marble. 


P12-15 $mvge + mgy = 0, where y is the distance beneath the rim, or y = —rcos 69. Then 


vo = V—29y = \/2gr cos Oo. 


P12-16 (a) For E; the atoms will eventually move apart completely. 

(b) For Ey the moving atom will bounce back and forth between a closest point and a farthest 
point. 

(e) (A122 10- I. 

(d) K=E, -U%2.2x107-1J. 

(e) Find the slope of the curve, so 


(—1x107!9J) — (-2x10719J) 
(0.3x10-9m) — (0.2x 10-9m) 


=—1x10-°N, 


which would point toward the larger mass. 


P12-17| The function needs to fall off at infinity in both directions; an exponential envelope 
would work, but it will need to have an —a? term to force the potential to zero on both sides. So we 
propose something of the form 


U(x) = P(a)e78”” 


where P() is a polynomial in x and @ is a positive constant. 
We proposed the polynomial because we need a symmetric function which has two zeroes. A 
quadratic of the form ax? — Up would work, it has two zeroes, a minimum at x = 0, and is symmetric. 
So our trial function is 
U(x) = (ax* — Up) e Ba” 
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This function should have three extrema. Take the derivative, and then we’ll set it equal to zero, 


dU 
ae 2axe Ph” — 2 (ax? _ Uo) Bae” 
v 


Setting this equal to zero leaves two possibilities, 


x = 0, 


2a — 2 (ax? — Up) B = 0. 


The first equation is trivial, the second is easily rearranged to give 


betes. a+ BUo 
= pais = 


These are the points +2,. We can, if we wanted, try to find a and @ from the picture, but you 
might notice we have one equation, U(#,) = U, and two unknowns. It really isn’t very illuminating 
to take this problem much farther, but we could. 

(b) The force is the derivative of the potential; this expression was found above. 

(c) As long as the energy is less than the two peaks, then the motion would be oscillatory, trapped 
in the well. 


P12-18 (a) F = —0U/dr, or 


) = -2(Uo/ro)e", 

) = -(3/4)(Uo/ro)e™, 
F(4r9) = —(5/16)(Uo/ro)e*, 

) —(11/100)(Uo/ro)e~*®. 


The ratios are then 


zy 
a 
No 
3 
j=) 
a 
™~S 
zy 
ie 
3 
j=) 
sill 
| 


(3/8)e~* = 0.14, 
F(4ro)/F(ro) = (5/32)e7? = 7.8x 1073, 
F(10ro)/F(ro) = (11/200)e~? = 6.8x 107°. 


156 


E13-1)| If the projectile had not experienced air drag it would have risen to a height yo, but 
because of air drag 68 kJ of mechanical energy was dissipated so it only rose to a height y,. In 
either case the initial velocity, and hence initial kinetic energy, was the same; and the velocity at 
the highest point was zero. Then W = AU, so the potential energy would have been 68 kJ greater, 
and 


Ay = AU/mg = (68x 10°J)/(9.4kg)(9.81 m/s”) = 740m 
is how much higher it would have gone without air friction. 
E13-2 (a) The road incline is @ = arctan(0.08) = 4.57°. The frictional forces are the same; the car 
is now moving with a vertical upward speed of (15 m/s) sin(4.57°) = 1.20m/s. The additional power 
required to drive up the hill is then AP = mgv, = (1700kg)(9.81 m/s”)(1.20 m/s) = 20000 W. The 


total power required is 36000 W. 
(b) The car will “coast” if the power generated by rolling downhill is equal to 16000 W, or 


Vy = (16000 W)/[(1700 kg)(9.81 m/s?)] = 0.959 m/s, 


down. Then the incline is 
6 = arcsin(0.959 m/s/15 m/s) = 3.67°. 


This corresponds to a downward grade of tan(3.67°) = 6.4%. 


E13-3 Apply energy conservation: 


1 1 
zw + mgy + shy =0, 


sO 


v = /—2(9.81 m/s2)(—0.084m) — (262 N/m)(—0.084 m)2/(1.25kg) = 0.41 m/s. 


E13-4 The car climbs a vertical distance of (225m) sin(10°) = 39.1m in coming to a stop. The 
change in energy of the car is then 


1 (16400 N) 


ar (9.81 m/s?) 


(31.4m/s)? + (16400 N)(39.1 m) = 1.83 10°J. 


E13-5| (a) Applying conservation of energy to the points where the ball was dropped and where 
it entered the oil, 


1 2 1 2 

g ite +mgyp = rue + MgYi, 
1 2 1 2 
rai + 9(0) = 3 (9) + 9Yi; 


ve = V2gVi, 


= 4/2(9.81 m/s?)(0.76m) = 3.9m/s. 


(b) The change in internal energy of the ball + oil can be found by considering the points where 
the ball was released and where the ball reached the bottom of the container. 


AE = Ke +U; — Kk, -U;, 
1 1 
= aur + mgyr — 570)” — mgyi, 
i 
= 5 (12.2 10~*kg)(1.48m/s)? — (12.2 x 107~*kg)(9.81m/s”)(—0.55m — 0.76m), 
= -0.143J 
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E13-6 (a) U; = (25.3kg)(9.81 m/s?)(12.2 m) = 3030 J. 
(b) Ks = 4(25.3kg)(5.56 m/s)? = 391 J. 
(c) AF ing = 3030 J — 391 J = 2640 J. 
E13-7 (a) At atmospheric entry the kinetic energy is 
1 
= 5 (7-9 10*kg)(8.0 x 103m/s)? = 2.5x 10!7J. 


The gravitational potential energy is 
U = (7.9x 10*kg)(9.8 m/s”) (1.6 x 10°m) = 1.2x10'"J. 


The total energy is 2.6 10!7J. 
(b) At touch down the kinetic energy is 


i 
K= 5 (7-9 10°kg) (9.8% 10'm/s)? = 3.8 10°J. 


E13-8 AE/At = (68kg)(9.8m/s?)(59m/s) = 39000 J/s. 


E13-9| Let m be the mass of the water under consideration. Then the percentage of the potential 
energy “lost” which appears as kinetic energy is 


K;— Kj 
U;—Us;° 
Then 
Ky, — Ky 1 
v7, Ce: o 2 (ve? — vi*) / (mgyi — mgyr) , 
ut =? 
= 2gAy’ 


(13m/s)? — (3.2m/s)? 
—2(9.81 m/s?)(—15m)’ 
= 54%. 


The rest of the energy would have been converted to sound and thermal energy. 
E13-10 ‘The change in energy is 
1 
AE= 5 (524 ke) (62.6 m/s)? — (524 kg) (9.81 m/s”)(292 m) = 4.74x10°J. 


E13-11 U; = K; — (34.63). Then 


_ 1(7.81m/s)? (34.6 J) 
~ 2(9.81m/s2) (4.26 kg)(9.81 m/s?) 


h = 2.28m; 


which means the distance along the incline is (2.28 m)/sin(33.0°) = 4.19 m. 
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E13-12 (a) K, =U; —U¢, so 


vp = \/2(9.81 m/s”) [(862 m) — (741 m)] = 48.7 m/s. 


That’s a quick 175 km/h; but the speed at the bottom of the valley is 40% of the speed of sound! 
(b) AE =U; - Uj, so 


AE = (54.4kg)(9.81 m/s”) [(862 m) — (741 m)] = —6.46 x 10*J; 
which means the internal energy of the snow and skis increased by 6.46 x 10*J. 
E13-13| The final potential energy is 15% less than the initial kinetic plus potential energy of the 


ball, so 
0.85(K; + U;) = Us. 


But U; = U;, so K; = 0.15U;/0.85, and then 


1 
Y= Voan2an = ,/2(0.176)(9.81 m/s2)(12.4m) = 6.54m/s. 


E13-14 Focus on the potential energy. After the nth bounce the ball will have a potential energy 
at the top of the bounce of U,, = 0.9U,-1. Since U x h, one can write hy, = (0.9)"ho. Solving for n, 


n = log(hn/ho)/log(0.9) = log(3 ft/6 ft) /log(0.9) = 6.58, 


which must be rounded up to 7. 


E13-15 Let m be the mass of the ball and M be the mass of the block. 

The kinetic energy of the ball just before colliding with the block is given by K; = Uo, so 
v1 = V/2(9.81 m/s?)(0.687 m) = 3.67 m/s. 

Momentum is conserved, so if vg and v3 are velocities of the ball and block after the collision 
then mv, = mv2 + Mv 3. Kinetic energy is not conserved, instead 


1/14 5 ee ene Weer 
3 (51 = gig + 5 M13. 


Combine the energy and momentum expressions to eliminate v3: 
m 2 

mui = 2mve+2M (Fm — v2)) : 
Mv; = 2Mv3 4 2mvi — Amv, v2 + 2mv3, 


which can be formed into a quadratic. The solution for v2 is 


2m + ,/2(M? —mM) 
2(M +m) 


v1 = (0.600 + 1.95) m/s. 


V2 = 
The corresponding solutions for v3 are then found from the momentum expression to be v3 = 
0.981 m/s and v3 = 0.219. Since it is unlikely that the ball passed through the block we can toss 


out the second set of answers. 


EF13-16 FE; = Ke +U; = 3mgh, or 


ve = \/2(9.81 m/s?)2(0.18 m) = 2.66 m/s. 
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the ground by considering energy conservation and her highest point. Then 


L.3 1 2 

idan! +mgyi = ies + mgyr, 
1 
gm = mgAy, 


= (55.0kg)(9.81 m/s”)(1.20m — 0.90 m) = 162 J. 
(a) During the jumping phase her potential energy changed by 
AU = mgAy = (55.0 kg) (9.81 m/s”)(0.50 m) = 270 J 
while she was moving up. Then 


AK +AU _ (162J) + (270J) 
Ase >= (0.5m) 


Prext = = 864N. 


(b) Her fastest speed was when her feet left the ground, 


2K — 2(162J) 
ee SE See nile: 
om (65.0kg) oe 


E13-18 (b) The ice skater needs to lose $(116 kg)(3.24 m/s)? = 609 J of internal energy. 
(a) The average force exerted on the rail is F' = (609 J) /(0.340 m) = 1790N. 


E13-19 12.6 km/h is equal to 3.50m/s; the initial kinetic energy of the car is 


1 
5 (2340 kg) (3.50 m/s)? = 1.43x 104J. 

(a) The force exerted on the car is F = (1.43 x 10*J) /(0.64m) = 2.24 x 104N. 
(b) The change increase in internal energy of the car is 


A Ein, = (2.24% 104N) (0.640. m — 0.083m) = 1.25 x 104J. 
E13-20 Note that v2 =v)? — 20) - Von + Vem?. Then 


K = So} (rh? = 2a Fem Maen?) 


n 


= S- smth? oe (= mvs] ® Vom + (= sr] US. 


n 


= Kint — os rv] cs Vom aa Kom: 
n 


E13-17| We can find the kinetic energy of the center of mass of the woman when her feet leave 


The middle term vanishes because of the definition of velocities relative to the center of mass. 
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E13-21|} Momentum conservation requires mvp = mv+ MV, where the sign indicates the direction. 
We are assuming one dimensional collisions. Energy conservation requires 


1 1 1 
xiv = 5 sve + BE. 
Combining, 
1 4 ee m m \2 
3% = rw 5M (Tu ~v) +8, 
Mug = Mv? +m(vo—v)? +2(M/m)E. 


Arrange this as a quadratic in v, 
(M +m) v* — (2mvp) v + (2(M/m)E + mug — Mvp) =0. 
This will only have real solutions if the discriminant (b? —4ac) is greater than or equal to zero. Then 
(2muo)? > 4(M +m) (2(M/m)E + mvg — Mvp) 
is the condition for the minimum vp. Solving the equality condition, 


4m?v5 = 4(M +m) (2(M/m)E + (m— M)vs9) , 


or M?vj = 2(M + m)(M/m)E. One last rearrangement, and vp = \/2(M + m)E/(mM). 


P13-1) (a) The initial kinetic energy will equal the potential energy at the highest point plus the 
amount of energy which is dissipated because of air drag. 


1 
mgh+ fh = 50: 
v9 v9 


2g+f/m) 290+ f/w)’ 


(b) The final kinetic energy when the stone lands will be equal to the initial kinetic energy minus 
twice the energy dissipated on the way up, so 


sme = smd — 2fh, 
ae v5 
= og — 2h ole Ff)’ 
= (= - f ) 
2 gl+f/w)) ” 
v= (-Z5)e 
- wf yo”? 


P13-2 The object starts with U = (0.234kg)(9.81 m/s?)(1.05m) = 2.41 J. It will move back and 
forth across the flat portion (2.41 J)/(0.688 J) = 3.50 times, which means it will come to a rest at 
the center of the flat part while attempting one last right to left journey. 
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P13-3 (a) The work done on the block block because of friction is 
(0.210) (2.41 kg)(9.81 m/s”) (1.83 m) = 9.09 J. 


The energy dissipated because of friction is (9.09 J)/0.83 = 11.0 J. 
The speed of the block just after the bullet comes to a rest is 


v = 2K /m = \/2(1.10J)/(2.41 kg) = 3.02 m/s. 
(b) The initial speed of the bullet is 


M+m_ (2.41kg) + (0.00454 kg) ; 
= 2 3.02 m/s) = 1.60 10° m/s. 
m Cosi) oC ee 


7h) 


P13-4 The energy stored in the spring after compression is $(193N/m)(0.0416m)? = 0.167 J. 


Since 117 mJ was dissipated by friction, the kinetic energy of the block before colliding with the 
spring was 0.284 J. The speed of the block was then 


v = \/2(0.284J)/(1.34kg) = 0.651 m/s. 


P13-5 (a) Using Newton’s second law, F’ = ma, so for circular motion around the proton 


The change in kinetic energy is 


(b) The potential energy difference is 


"2 ke? 1 1 
AU = / : dr = —ke? ( ) ‘ 
ry r T2 TL. 


(c) The total energy change is 


AE =AK+AU = she? (2 ). 


T2 rT. 


P13-6 (a) The initial energy of the system is (4000 Ib)(12ft) = 48,000 ft - lb. The safety device 
removes (1000 Ib)(12ft) = 12,000 ft - lb before the elevator hits the spring, so the elevator has a 
kinetic energy of 36,000 ft - lb when it hits the spring. The speed of the elevator when it hits the 
spring is 


7 22 000 ft - Ih)(32.0 ft/s") _ ft/s 


= (4000 Ib) 


(b) Assuming the safety clamp remains in effect while the elevator is in contact with the spring 
then the distance compressed will be found from 


{ 
36,000 ft - Ib = 5 (10, 000 Ib/ft)y? — (4000 Ib)y + (1000 Ib)y. 
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This is a quadratic expression in y which can be simplified to look like 


5y” — 3y — 36 = 0, 


which has solutions y = (0.3 + 2.7) ft. Only y = 3.00 ft makes sense here. 
(c) The distance through which the elevator will bounce back up is found from 


33, 000 ft = (4000 Ib)y — (1000 Ib)y, 


where y is measured from the most compressed point of the spring. Then y = 11 ft, or the elevator 
bounces back up 8 feet. 

(d) The elevator will bounce until it has traveled a total distance so that the safety device 
dissipates all of the original energy, or 48 ft. 


P13-7| The net force on the top block while it is being pulled is 


11.0N — Fy = 11.0N — (0.35) (2.5kg)(9.81 m/s”) = 2.42N. 


This means it is accelerating at (2.42N)/(2.5kg) = 0.968m/s?. That acceleration will last a time 
t = ,/2(0.30m)/(0.968 m/s?) = 0.7878. The speed of the top block after the force stops pulling is 
then (0.968 m/s”) (0.787 s) = 0.762 m/s. The force on the bottom block is Fy, so the acceleration of 
the bottom block is 


(0.35) (2.5 kg)(9.81 m/s”) /(10.0kg) = 0.858 m/s”, 


and the speed after the force stops pulling on the top block is (0.858 m/s?)(0.787s) = 0.675 m/s. 
(a) W = F's = (11.0N)(0.30m) = 3.3J of energy were delivered to the system, but after the 
force stops pulling only 


1 1 
5 (2:5 kg) (0.762 m/s)’ + 5 (10.0 kg) (0.675 m/s)” = 3.004 J 


were present as kinetic energy. So 0.296 J is “missing” and would be now present as internal energy. 

(b) The impulse received by the two block system is then J = (11.0N)(0.787s) = 8.66 N-s. This 
impulse causes a change in momentum, so the speed of the two block system after the external 
force stops pulling and both blocks move as one is (8.66 N-s)(12.5kg) = 0.693 m/s. The final kinetic 
energy is 


1 
5 (12.5 kg)(0.693 m/s)? = 3.002 J; 


this means that 0.002 J are dissipated. 


P13-8 Hmm. 
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E14-1 Fs/Fp = Msrp?/Maprs?’, since everything else cancels out in the expression. Then 
y g 


Fs (1.99 108kg)(3.84 x 108m)? 
Fey (5.98x 1024)(1.50x10!4m)? 


E14-2 Consider the force from the Sun and the force from the Earth. Fg/Fp = Mgrp?/Megrs?, 
since everything else cancels out in the expression. We want the ratio to be one; we are also 
constrained because rp + rs = RF is the distance from the Sun to the Earth. Then 


Mr (R _ rp) = Msrg’, 
R = S 
-—TE = —"r 
y Mr eS 


(1.99 x 103%kg) 
(5.98 x 1024) 


rE (1.50 x 10*?m)/ (: - = 2.6x 108m. 


E14-3| The masses of each object are m; = 20.0kg and mz = 7.0kg; the distance between the 
centers of the two objects is 15+ 3= 18m. 
The magnitude of the force from Newton’s law of gravitation is then 


-11N . m2 /ko2 
p— Gimims _ (6.67x 10“ N - m? /kg?)(20.0kg)(7.0kB) _ 5 9 gti, 
r? (18 m)? 


E14-4 (a) The magnitude of the force from Newton’s law of gravitation is 


-11N . m2 2 —3 
F- Gmymoe = (6.67 x 1071! N - m*/kg*) (12.7 kg) (9.85 x 107° kg) = 7.15« 10-2°N. 
72 (0.108 m)2 


(b) The torque is r = 2(0.262 m)(7.15 x 10-!9N) = 3.75x10-!9N - m. 


E14-5| The force of gravity on an object near the surface of the earth is given by 


— GMm 
(re ty)?’ 
where M is the mass of the Earth, m is the mass of the object, re is the radius of the Earth, and 


y is the height above the surface of the Earth. Expand the expression since y < re. We'll use a 
Taylor expansion, where F(r. + y) © F(re) + yOF/Ore; 


Since we are interested in the difference between the force at the top and the bottom, we really want 


M M 
Mpa es oe y 
r3 Te, me Te 


where in the last part we substituted for the weight, which is the same as the force of gravity, 


Finally, 
AF = 2(411 m)/(6.37 x 10°m)(120 lb) = 0.015 Ib. 
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E14-6 gx 1/r?, so gi/g2 = 73/r?. Then 


rg = \/(9.81 m/s?) /(7.35 m/s2)(6.37 x 10°m) = 7.36 x 10° m. 


That’s 990 kilometers above the surface of the Earth. 


E14-7 (a) a=GM/r’, or 


(6.67 x 1071! N - m?/kg”) (1.99 x 10°°kg) 
i= (10.0% 108m)? = 1.33x 10'?m/s?. 


(b) v = V2ax = \/2(1.33 x 10!2m/s?) (1.2 m/s) = 1.79 x 10°m/s. 
E14-8 (a) g) =GM/r?, or 


_ (6.67x10-UN- m?/kg”) (7.36 x 10??kg) 
a (1.74 108m)2 


(b) Win = We(Gm/Ge) 80 


W m = (100 N) (1.62 m/s”/9.81 m/s”) = 16.5 N. 


= 1.62m/s?. 


(c) Invert g = GM/r?; 


r= /GM/g= (6.67x 10-"N - m2/ke*) (5.98 x 1024kg) /(1.62 m/s?) = 1.57x 10’m. 


That’s 2.46 Earth radii, or 1.46 Earth radii above the surface of the Earth. 


E14-9| The object fell through y = —10.0m; the time required to fall would then be 


t = /—2y/g = V/—2(—10.0 m)/(9.81 m/s?) = 1.43s. 


We are interested in the error, that means taking the total derivative of y = —4 gt”. and getting 
ee 
dy = —599t — gt ot. 


dy =0 so —46gt = gét, which can be rearranged as 


ede 


ot = 
t 2g 


The percentage error in ¢ needs to be 6t/t = 0.1%/2 = 0.05%. The absolute error is then dt = 
(0.05 %) (1.43 s) = 0.7 ms. 


E14-10 ‘Treat mass which is inside a spherical shell as being located at the center of that shell. 
Ignore any contributions from shells farther away from the center than the point in question. 

(a) F= G(M, + M2)m/a?. 

(b) F = G(M)m/??. 

(c) F=0. 
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F14-11| For a sphere of uniform density and radius R > r, 


M(r) M 
4nps 47 R3’ 
3 3 


where M is the total mass. 
The force of gravity on the object of mass m is then 


GMm rr? GMmr 
F= = : 
2 R3 R3 
g is the free-fall acceleration of the object, and is the gravitational force divided by the mass, so 
_GMr GMr GMR-D 
TRS ~ RR RR 


Since R is the distance from the center to the surface, and D is the distance of the object beneath 
the surface, then r = R — D is the distance from the center to the object. The first fraction is the 
free-fall acceleration on the surface, so 


GM R-D R-D ( 2) 
= = = Js 


= =; j= 
Spe a ee R 


E14-12 The work required to move the object is GMgm/r, where r is the gravitational radius. 
But if this equals mc? we can write 


me = GMsm/r, 
r = GMs/c’. 


For the sun, r = (6.67 x 107!!N - m?/kg”)(1.99 x 10°°kg) /(3.00 x 108m/s)? = 1.47x 108m. That’s 
2.1x10-6 Rg. 


E14-13 The distance from the center is 
r = (80000)(3.00 x 10°m/s)(3.16 x 10s) = 7.6x 107°m. 
The mass of the galaxy is 
M = (1.4x10"1)(1.99 x 10°°kg) = 2.8x104'kg. 


The escape velocity is 


v = V2GM/r = /2(6.67x 10-1IN - m2/kg”) (2.8 x 1041kg) /(7.6 x 1020m) = 2.2x 10°m/s. 


E14-14 Staying in a circular orbit requires the centripetal force be equal to the gravitational force, 
so 
MVorp?/T = GMm/r?, 


Or MVorb? = GMm/r. But —GMm/r is the gravitational potential energy; to escape one requires a 
kinetic energy 
Mesc /2 =GMm/r = Mvorb-; 


which has solution Vege = V2Vorb- 
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E14-15| (a) Near the surface of the Earth the total energy is 


1 2 GMpm 
Fey aren se (2 ) = 
+U am gRp Re 
but 
_ GM 
I= Re 
so the total energy is 
M 
E = mgRp- © uae 
RE 
GM GMpm 
= 2 R 
m (Ss) E Re ) 
= Re 


This is a positive number, so the rocket will escape. 
(b) Far from earth there is no gravitational potential energy, so 
1 2 GMnrm = GMrp 


amu = Ep Ret mRp = gmRE, 


with solution v = /2gRp. 


E14-16 The rotational acceleration of the sun is related to the galactic acceleration of free fall by 
An? mr/T? = GNm?/r?, 


where N is the number of “sun” sized stars of mass m, r is the size of the galaxy, T is period of 
revolution of the sun. Then 


An?re 4? (2.2 10°0m)* = 5.1x 10", 


N= 2 2 
GmT? ~ (6.67x 10-!!N-m2/kg”) (2.0 x 103%kg)(7.9 x 10!5s)2 


E14-17| Energy conservation is kK; + U; = K_+Uf, but at the highest point Ks = 0, so 


Up = K,+Ui, 

GMpm 1 2 GMpm 

Ro 5 0 = ape? 

ar i? = 
RR Gi 
1 i (9.42 x 10%m/s)?) 
R (6.37x 10m)  2(6.67x 10-1!N-m?2/kg”) (5.98 x 1024kg) ’ 
R = 219x10%m. 


The distance above the Earth’s surface is 2.19107 m — 6.37 10°m = 1.55 10° m. 
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E14-18 (a) Free-fall acceleration is g = GM/r?. Escape speed is v = \/2GM/r. Then v = /2gr = 
\/2(11.30 m/s?) (1.569 x 105m) = 2.02 x 103m/s. 
(b) Us = K;, + Uj. But U/m = —gor2/r, so 


4 1 (1.01 x 103m/s)? 1 


re (1.569x 108m)  2(1.30m/s2)(1.569x 108m)? — 2.09x 10m’ 


That’s 523 km above the surface. 
(c) Ke =U; — Us. But U/m = —gor@/r, so 


v = s/2(1.30 m/s) (1.569 x 10m) [1 /(1.569 x 105m) — 1/(2.569 x 10m)] = 1260 m/s. 
(d) M = gr?/G, or 


M = (1.30 m/s”) (1.569 x 10°m)?/(6.67 x 107''N-m?/kg”) = 4.8 x 10”*kg. 


E14-19 (a) Apply AK = —AU. Then mv? = Gm?(1/r2 — 1/71), so 


1 1 
(4.67x104m)  (9.34x 104m) 


v= eon 10-!41N-m2/kg?) (1.56 x 102%kg) ( ) = 3.34x 10’m/s. 


(b) Apply AK = —AU. Then mv? = Gm?(1/r2 — 1/11), so 


1 1 
(1.26x104m) (9.34 104m) 


v= oor 10-11N-m2/kg?)(1.56 x 102°kg) ( ) = 5.49x10’m/s. 


E14-20 Call the particles 1 and 2. Then conservation of momentum requires the particle to have 
the same momentum of the same magnitude, p = mv, = Mvp. The momentum of the particles is 
given by 


i 2 si 1 2 _ GMm 
am? "aM? a 
m+M 4 
2GMm/d 
mM G m/ ) 
p = mMV/2G/dm+M). 
Then vre1 = |vi| + |v2| is equal to 
1 1 
Vrel = mM 2G/d(m + M) — + — , 
m M 


I 


M 
mM \/2G/d(m + M) (* a ) 
= 2G(m+ M)/d 
E14-21 The maximum speed is mv? = Gm?/d, or v = \/Gm/d. 


E14-22 T?/r? = T3/r3, or 


Tp = Ti(r2/71)3/? = (1.00 y)(1.52)9/? = 1.87 y. 
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E14-23] We can use Eq. 14-23 to find the mass of Mars; all we need to do is rearrange to solve 
for M— 


An*r3 4n?(9.4x 10®m)3 23 
M=— = : = 6.5x 10% kg. 
GT? ~ (6.67x10-"N-m2/ke2)(2.75 x 1048)? 


E14-24 Use GM/r? = 4r?r/T?, so M = 4n?r?/GT?, and 


An? (3.82 x 108m)3 
M = a ey = 5.93 10%4kg. 
(6.67 x 10-!1N-m2/kg”) (27.3 x 864008)? 


E14-25 T?/r3 = T3/r3, or 
Tz = T;(r2/1r1)°/? = (1.00 month) (1/2)°/? = 0.354 month. 
E14-26 Geosynchronous orbit was found in Sample Problem 14-8 to be 4.22x10’m. The latitude 


is given by 
6 = arccos(6.37 x 10°m/4.22 x 10’m) = 81.3°. 


E14-27| (b) Make the assumption that the altitude of the satellite is so low that the radius of 
the orbit is effectively the radius of the moon. Then 


An? 
T?2 -_ 3 
(a) < 
An? 6,,)3 72 
~ (am INI) ea 


So T = 6.5x10°s. 
(a) The speed of the satellite is the circumference divided by the period, or 
Qnr — 2n(1.74x 10m) 


= = = 1.68x10°m/s. 
CF (6.5 x 1038) eas 


E14-28 The total energy is -GMm/2a. Then 
1 , GMm GMm 


@=em (2-2). 
roa 


E14-29 +r, =a(1+e), so from Ex. 14-28, 


so 


Tp = a(1—e), so from Ex. 14-28, 


Dividing one expression by the other, 


i=yat [2/0.12—1 _ . 
Up = Va a/(lte) 1 = (3.72 km/s) 3/L88—1 58.3 km/s. 
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E14-30 (a) Convert. 


c= (667x 10-2! m? 1.99 10%kg\ (3.156 x 107s \ 7 AU 3 
as Fee Ms y 1.496x10"m ) ’ 


which is G = 39.49 AU?/Mg? - y?. 
(b) Here is a hint: 47? = 39.48. Kepler’s law then looks like 


7 2 Ms? : y? r? 
“AU ff 


E14-31| Kepler’s third law states T? « r°, where r is the mean distance from the Sun and T is 
the period of revolution. Newton was in a position to find the acceleration of the Moon toward the 
Earth by assuming the Moon moved in a circular orbit, since a, = v?/r = 41?r/T?. But this means 
that, because of Kepler’s law, a. « r/T? « 1/r?. 


E14-32 (a) The force of attraction between the two bodies is 


GMm 
(r+ R)?° 


The centripetal acceleration for the body of mass m is 


: GM 
rw = ——,, 
(r+ R)? 
2s GM 
— -p8(1 + R/r)?’ 
2 
T? = or +R/r)?. 


(b) Note that r= Md/(m+ M) and R= md/(m+M). Then R/r = m/M, so the correction is 
(1 + 5.94 x 1074/1.99 x 102°)? = 1.000006 for the Earth/Sun system and 1.025 for the Earth/Moon 
system. 


E14-33 (a) Use the results of Exercise 14-32. The center of mass is located a distance r = 


2md/(m + 2m) = 2d/3 from the star of mass m and a distance R = d/3 from the star of mass 2m. 
The period of revolution is then given by 


Pe (Pe 
~ GQm) \3 ' 2d/3 3Gm 


(b) Use Lm = mr2w, then 


Lm — mr? m/(2d/3)? 


Lu MR? (2m)(d/3)2 


(c) Use K = Iw?/2 = mr?w?/2. Then 


Kin mr? m/(2d/3)? 


Ku MR? (2m)(d/3)2 _ 
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F14-34 Since we don’t know which direction the orbit will be, we will assume that the satellite 
on the surface of the Earth starts with zero kinetic energy. Then E; = Uj. 

AU = U; — U; to get the satellite up to the specified altitude. AK = Ke = —U;/2. We want 
to know if AU — AK is positive (more energy to get it up) or negative (more energy to put it in 
orbit). Then we are interested in 


AU — AK = 3U;/2 —U; =GMm (=- 5). 
ri 2r¢ 
The “break-even” point is when rs = 3r;/2 = 3(6400 km)/2 = 9600 km, which is 3200 km above the 
Earth. 
(a) More energy to put it in orbit. 
(b) Same energy for both. 
(c) More energy to get it up. 


E14-35| (a) The approximate force of gravity on a 2000 kg pickup truck on Eros will be 


pp GMm _ (6.67x10-1'N-m?/kg”)(5.0 x 10" kg)(2000 kg) _ ites 
pe (7000 m)? ies 


—11N.m2 2 15 
ie GM 2 (6.67 x 10 N-m /kg )(5.0 x 10 kg) = 6.9m/s. 
Vr (7000 m) 


E14-36 (a) U =—GMm/r. The variation is then 


(b) Use 


1 1 
AG = (6.67 10-"N-m?fky?) (1.99 10 kg) (5.98% 10g) (a a) 


= 1.78x10°7J. 


(b) AK + AU = AE =0, s0 |AK| = 1.78x 10°2J. 
(c) AE =0. 
(d) Since Al = 0 and I = mur, we have 


_ fe (1.47x10''m)\ _ 9 
Up — Va = Up (1 “ = Up (1 (1.52x10!m) = 3.29x10 “up. 


But Up © vay = 27m(1.5x 10!!m)/(3.16 x 10’s) = 2.98x 10*m/s. Then Av = 981 m/s. 


E14-37 Draw a triangle. The angle made by Chicago, Earth center, satellite is 47.5°. The distance 
from Earth center to satellite is 4.22x10’m. The distance from Earth center to Chicago is 6.37x10°m. 
Applying the cosine law we find the distance from Chicago to the satellite is 


\/ (4.22 x 107m)? + (6.37 x 106m)? — 2(4.22 x 107m) (6.37 x 10®m) cos(47.5°) = 3.82 10’m. 
Applying the sine law we find the angle made by Earth center, Chicago, satellite to be 


(iz x 107m) 
arcsin 


Bee AY gin(47.5°) ) = 126°. 
(3.82. 107m) “m ) 


That’s 36° above the horizontal. 
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E14-38 (a) The new orbit is an ellipse with eccentricity given by r = a/(1 +e). Then 
e=r/a’ —1=(6.64x10°m) /(6.52 x 10°m) — 1 = 0.0184. 
The distance at P’ is given by rp: = a'(1—e). The potential energy at P’ is 


140.0184 _ a 


1 
Up: = Ur— = 2(—9.76 x 10'°J) 


The kinetic energy at P’ is then 
Kp: = (—9.94x 10'°J) — (—2.03 x 10"J) = 1.04x10"1J. 


That would mean v = \/2(1.04x10"J)/(3250kg) = 8000 m/s. 
(b) The average speed is 
__ 2n(6.52x 10%m) 


= 7820 m/s. 
(5240s) me 


E14-39| (a) The Starshine satellite was approximately 275 km above the surface of the Earth on 
1 January 2000. We can find the orbital period from Eq. 14-23, 


An? 
2 3 
or (=r) 23 
An? 
= TIN 2 kot oA (6.65 x 10°m)? = 2.91 x 10’s?, 
(6.67 x 10 N-m /kg )(5.98 x 10 kg) 


so T = 5.39x 103s. 
(b) Equation 14-25 gives the total energy of the system of a satellite of mass m in a circular orbit 
of radius r around a stationary body of mass M >> m, 


GMm 


R=- 
2r 


We want the rate of change of this with respect to time, so 

dE —~GMmdr 

dt 2r2 dt 
We can estimate the value of dr/dt from the diagram. I’ll choose February 1 and December 1 as my 
two reference points. 


dr Ar (240 km) — (300 km) 
dt t=t. At (62 days) ma GRY 


The rate of energy loss is then 


dE (6.67x10~'!N-m?/kg”) (5.98 x 1074kg)(39kg) —1000m _ 2.05/s 
dt 2(6.65 x 10°m)? 8.64x104s 


P14-1| The object on the top experiences a force down from gravity W, and a force down from 
the tension in the rope T. The object on the bottom experiences a force down from gravity W2 and 
a force up from the tension in the rope. 

In either case, the magnitude of W; is 


where r; is the distance of the 7th object from the center of the Earth. While the objects fall they 
have the same acceleration, and since they have the same mass we can quickly write 


GM GM 
ate LT = an Tr. 
ry i) 
or 
GMm GMm 
T= 2° a) 
2r5 2ri 


_ GMm/fl 1 
7 2 a. 


GMm r2 — r? 


= 272° 
2 TLS 


Now 71 © ro & R in the denominator, but re = r; +1, so r3 — r? & 2RI in the numerator. Then 


GMml 
Tx RB 


P14-2 For a planet of uniform density, g = GM/r? = G(4mpr3/3)/r? = 4nGpr/3. Then if p is 
doubled while r is halved we find that g will be unchanged. 


P14-3 (a) F=GMm/r?, a= F/m=GM/r. 

(b) The acceleration of the Earth toward the center of mass is ag = F/M = Gm/r?. The 
relative acceleration is then GM/r + Gm/r = G(m+M)/r. Only if M >> m can we assume that a 
is independent of m relative to the Earth. 


P14-4 (a) g=GM/r?, 5g = —(2GM/r?)6r. In this case 6r = h and M = 4rpr?/3. Then 
dW = mog = 84Gpmh/3. 


(b) AW/W = Ag/g = 2h/r. Then an error of one part in a million will occur when h is one 
part in two million of r, or 3.2 meters. 


P14-5| (a) The magnitude of the gravitational force from the Moon on a particle at A is 


GMm 


FF, = -——— 
4 (r — R)?’ 


where the denominator is the distance from the center of the moon to point A. 

(b) At the center of the Earth the gravitational force of the moon on a particle of mass m is 
Fo =GMm/r?. 

(c) Now we want to know the difference between these two expressions: 


M M 
GMm G us 


] 
Q 
S 
3 


II 
Q 
= 
3 
ECR eno ata 
leans 
yar a) 
= 
| 
xy 
Se 


To simplify assume R < r and then substitute (r — R) = r. The force difference simplifies to 


_ R(2r) _ 2@MmR 
Fr — CAEN aay = 73 


(d) Repeat part (c) except we want r+ R instead of r— R. Then 
GMm GMm 


BAG (r+R2 0° 7? 
= oN (ee EF) 
= out (ape) 


To simplify assume R < r and then substitute (r+ R) = r. The force difference simplifies to 


- —R(2r) = 2GMmR 
Fr =GMm r2(rj2 = mE 


The negative sign indicates that this “apparent” force points away from the moon, not toward it. 
(e) Consider the directions: the water is effectively attracted to the moon when closer, but 
repelled when farther. 


P14-6 Fret = mrws”, where ws is the rotational speed of the ship. But since the ship is moving 
relative to the earth with a speed v, we can write ws = w+v/r, where the sign is positive if the ship 
is sailing east. Then Fret = mr(w + v/r)?. 

The scale measures a force W which is given by mg — Fnet, or 


W =mg—mr(w+o0/r)?. 


Note that Wo = m(g — rw). Then 


g—r(wto/r) 


W = Wo 2 ) 
g— Tw 
2Qwu 
3 Wo (12 5), 
= Wo(1+ 2uw/g). 


P14-7 (a)a=GM/r?—rw?. w is the rotational speed of the Earth. Since Frank observes a = g/2 
we have 


g/2 = GM/r? —rw, 
re = (2GM — 2r3w?)/g, 
r = /2(GM — r3w?)/g 
Note that 
GM = (6.67x10~"'N - m?/kg*) (5.98 x 1074kg) = 3.99 x 10'4m?3/s? 
while 


rw? = (6.37 x 10°m)?(27/86400s)” = 1.37 x 10'2m?/s?. 
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Consequently, r°w? can be treated as a perturbation of GM bear the Earth. Solving iteratively, 


ro = v2((3.99x 10!4m3/s2) — (6.37 x 10&m)3 (27/86400s)] /(9.81 m/s?) = 9.00 x 10°m, 
ry = v/2((3.99x 10!4m3/s2) — (9.00 x 106m)3 (277/86400s)?]/(9.81 m/s?) = 8.98 x 10°m, 


which is close enough for me. Then h = 8.98 x 10°m — 6.37 x 10°m = 2610 km. 
(b) AE = Es —£E; = U;/2 — U;. Then 


1 
(6.37x10m) — 2(8.98x 10%m) 


AE = (6.67x107 4N-m?/kg”) (5.98x1074kg) (100 kg) ( ) = 4.0x10°J. 


P14-8 (a) Equate centripetal force with the force of gravity. 


A4n?mr — GMm 
T? re? 
4n? G4 (4/3) ar? p 
T? r3 : 


30 
p= — 
\V Gp 


(b) T = /3/(6.7x 10-"N - m2/kg”)(3.0x 10%kg/m3) = 6800s. 


P14-9 (a) One can find 6g by pretending the Earth is not there, but the material in the hole is. 
Concentrate on the vertical component of the resulting force of attraction. Then 
GM d 
og= = 


r2 or’ 


where r is the straight line distance from the prospector to the center of the hole and M is the mass 
of material that would fill the hole. A few substitutions later, 


4nGpR?d 
3(Vd? + 2?)3 
(b) Directly above the hole x = 0, so a ratio of the two readings gives 


(10.0 milligals) _ a oe 
(14.0 milligals) — \ d2 + (150m)? 


og= 


or 
(0.800) (d? + 2.25 x 104m?) = a?, 


which has solution d = 300m. Then 
oe 3(14.0 x 10-®m/s?)(300 m)? 
4n(6.7x 10-1!N - m2/kg”)(2800 kg/m?) ’ 


so R = 250m. The top of the cave is then 300m — 250m = 50m beneath the surface. 
(b) All of the formulae stay the same except replace p with the difference between rock and water. 
d doesn’t change, but R will now be given by 
2 3(14.0 x 10-°m/s?) (300 m)? 
4n(6.7x 10-1!N - m2/kg”)(1800 kg/m?) ’ 


so R = 292m, and then the cave is located 300 m — 292m = 7m beneath the surface. 
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P14-10 g = GM/r?, where M is the mass enclosed in within the sphere of radius r. Then 
dg = (G/r?)dM — 2(GM/r°)dr, so that g is locally constant if dM/dr = 2M/r. Expanding, 


Anr?p, = 8rr*p/3, 
pA = 29/3. 


P14-11]| The force of gravity on the small sphere of mass m is equal to the force of gravity from 
a solid lead sphere minus the force which would have been contributed by the smaller lead sphere 
which would have filled the hole. So we need to know about the size and mass of the lead which was 
removed to make the hole. 

The density of the lead is given by 


7 M 
7 anR3 


The hole has a radius of R/2, so if the density is constant the mass of the hole will be 


M\4 (R\? M 
M, = V= = 
we (sae) (3) 8 


The “hole” is closer to the small sphere; the center of the hole is d— R/2 away. The force of the 
whole lead sphere minus the force of the “hole” lead sphere is 
GMm  G(M/8)m 
d? (d— R/2)? 


p 


P14-12 (a) Use v =wy R? — r?, where w = ./GMp/R?. Then 


T 0 0) 
r= [on fgg [6 
0 rg adr/dt Rv 
-f dr 
~ Ip wR? 
Tv 
Tae 


Knowing that 


= . 2 2 24 
ee ye DEM AE BOE TOTES) edge ye, 


(6.37 x 105m)3 


we can find T = 1260s = 21 min. 

(b) Same time, 21 minutes. To do a complete journey would require four times this, or 27/w. 
That’s 84 minutes! 

(c) The answers are the same. 


P14-13 (a) g=GM/r? and M = 1.93x10*4kg + 4.01 x 1074kg + 3.94 x 1072kge = 5.98 x 1024kg so 
g = (6.67 1071N - m?/kg?)(5.98 x 1074kg) /(6.37 x 10°m)? = 9.83 m/s”. 
(b) Now M = 1.93x10*4kg + 4.01 x 1074kg = 5.94 1074kg so 
g = (6.67 107" N - m?/kg”)(5.94 x 1074kg) /(6.345 x 10°m)? = 9.84 m/s”. 
(c) For a uniform body, g = 4%Gpr/3 = GMr/R?, so 
g = (6.67x107'N - m?/kg”)(5.98 x 1074kg) (6.345 x 10°m) /(6.37 x 10°m)? = 9.79 m/s?. 
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P14-14 (a) Use g = GM/r?, then 
g = (6.67 107'N - m?/kg”)(1.93 x 1074kg) /(3.490 x 10°m)? = 106 m/s?. 


The variation with depth is linear if core has uniform density. 
(b) In the mantle we have g = G(M.+M)/r?, where M is the amount of the mass of the mantle 
which is enclosed in the sphere of radius r. The density of the core is 


3(1.93 x 1074kg) 


c= = 1.084x 10*kg/m?. 
Pe ™ J(3.490 x 10%m)3 ASE 


The density of the mantle is harder to find, 


3(4.01 x 1024kg) 


= = 4.496 x 10°kg/m?. 
Pe * 4[(6.345 x 106m)? — (3.490 x 10%m)3 m0, e/a 


We can pretend that the core is made up of a point mass at the center and the rest has a density 
equal to that of the mantle. That point mass would be 


ar. — 4%(8-490.x 10%m)8(1.084x 104kg/m* — 4.496 x 10%kg/m*) 
a 
3 


= 1.130x107*kg. 


Then 
g = GM, /r? + 40Gpmr/3. 


Find dg/dr, and set equal to zero. This happens when 
2M,/r? = 4pm /3, 


or r = 4.93x 108m. Then g = 9.29 m/s”. Since this is less than the value at the end points it must 
be a minimum. 


P14-15| (a) We will use part of the hint, but we will integrate instead of assuming the bit about 
Jav; doing it this way will become important for later chapters. Consider a small horizontal slice of 
the column of thickness dr. The weight of the material above the slice exerts a force F(7r) on the 
top of the slice; there is a force of gravity on the slice given by 


= GM(r) dm 


2 ? 


dF 


r 


where M(r) is the mass contained in the sphere of radius r, 


4 
M(r) = 37 P- 


Lastly, the mass of the slice dm is related to the thickness and cross sectional area by dm = pAdr. 
Then 


Integrate both sides of this expression. On the left the limits are 0 to Feenter, on the right the limits 
are R to 0; we need to throw in an extra negative sign because the force increases as r decreases. 
Then 


F= =nGAp?R?. 


Divide both sides by A to get the compressive stress. 
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(b) Put in the numbers! 
2 
SS 37 (6.67 10-™N - m?/kg*) (4000 kg /m?)?(3.0 x 10°m)? = 2.0x 108N/m?. 


(c) Rearrange, and then put in numbers; 


_ 3(4.0 x 107N/m?) 


R= = 1.8x10°m. 
\ aoa 10-".N - m2/kg*)(3000 kg/m?3)? 


P14-16 The two mass increments each exert a vertical and a horizontal force on the particle, but 
the horizontal components will cancel. The vertical component is proportional to the sine of the 
angle, so that 


_ 2Gmdmy — 2GmAdzxy 


2 2 r’ 


dF 


r r r 


2 


where r? = 2? + y?. We will eventually integrate from 0 to 00, so 


2Gma dx y 
0 r2 r? 
ve dx 
—— 2Gmdy | (x? + y?)3/2 9 
2Gm. 
Ta 


F 


I 


P14-17 For any arbitrary point P the cross sectional area which is perpendicular to the axis 
dA’ = r7dQ is not equal to the projection dA onto the surface of the sphere. It depends on the angle 
that the axis makes with the normal, according to dA’ = cos@dA. Fortunately, the angle made at 
point 1 is identical to the angle made at point 2, so we can write 


dQ, = dO, 
dA;/r? = dAz/r3 


But the mass of the shell contained in dA is proportional to dA, so 


redm, = rdmo, 
Gmdm,/ri = Gmdmz/r3. 
Consequently, the force on an object at point P is balanced by both cones. 


(b) Evaluate {dQ for the top and bottom halves of the sphere. Since every dQ on the top is 
balanced by one on the bottom, the net force is zero. 


P14-18 


P14-19 Assume that the small sphere is always between the two spheres. Then 


W = AU, +AUp, 
1 1 
(0.420m) (1.14m)]’ 


= (6.67x10~''N - m?/kg?)(0.212 kg) [(7.16 kg) — (2.53kg)] 


= 985x107". 
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P14-20 Note that FMVesc” = —Up, where Up is the potential energy at the burn-out height. 
Energy conservation gives 


K = Ko+Uo, 
1 1 1 
ym = aU a gieses 


=, ano 
v= V6 — Vesc?- 


P14-21| (a) The force of one star on the other is given by F = Gm?/d?, where d is the distance 
between the stars. The stars revolve around the center of mass, which is halfway between the stars 
so r = d/2 is the radius of the orbit of the stars. If a is the centripetal acceleration of the stars, the 


period of revolution is then 
TH ya _ joe _ oe 
= a F Gm — 
The numerical value is 


r= | 1672(1.1210!4m)3 


= 3.21x10’s = 1.02 y. 


(6.67 x 10-11N - m2/kg?)(3.22 x 103%kg) 
b) The gravitational potential energy per kilogram midway between the stars is 
& 


Gm (6.67 x 10-1! N - m?/kg”)(3.22 x 10°°kg) ¥ 
a : (1.12 10"'m) See Ue 


An object of mass M at the center between the stars would need (3.84 x 10°J/kg)M kinetic energy 
to escape, this corresponds to a speed of 


v = V2K/M = \/2(3.84x109J/kg) = 8.76 x 10*m/s. 


P14-22 (a) Each differential mass segment on the ring contributes the same amount to the force 
on the particle, 
dF = emgn x 


r 


r 


where r? = x? + R?. Since the differential mass segments are all equal distance, the integration is 
trivial, and the net force is 
—  GMmez 


7 (x? + R2)3/2° 
b) The potential energy can be found by integrating with respect to z, 
gy 


oe: - GMme« GMm 
A = F — —— SS 
U | dx | (@2 + R252 dx R 


Then the particle of mass m will pass through the center of the ring with a speed v = ,/2AU/m = 
/2GM/R. 
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P14-23} (a) Consider the following diagram. 


The distance r is given by the cosine law to be 
r? = R? + R? —2R? cos@ = 2R?(1 — cos). 


The force between two particles is then F = Gm?/r?. Each particle has a symmetric partner, so 
only the force component directed toward the center contributes. If we call this the R component 
we have 
Fr = F cosa = Fcos(90° — 6/2) = F'sin(@/2). 

Combining, 

Gm? sin(6/2) 
FR= a 

2R? 1—cosd 

But each of the other particles contributes to this force, so 


_ Gm? < sin(6;/2) 
net" "2R? ~ 1—cos 6; 


PF 


When there are only 9 particles the angles are in steps of 40°; the 6; are then 40°, 80°, 120°, 160°, 
200°, 240°, 280°, and 320°. With a little patience you will find 


in(6,/2 
S- sin(9i/2) _ 6.649655, 
1 — cos 6; 


4 


using these angles. Then Fy, = 3.32Gm?/R?. 
(b) The rotational period of the ring would need to be 


_ Vo = (oe 7 (= 
- a Fo VY 3.32Gm’ 
P14-24 The potential energy of the system is U = —Gm?/r. The kinetic energy is mv?. The total 


energy is E = —Gm?/d. Then 
“ = 2,/Gm(1/r — 1/d), 
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so the time to come together is 


r= [ dr tf i. tt, | 
~ Ja 2/Gm(/r—1fd) V4Gm Jy Y1l-a  4V Gm 


P14-25 (a) E = U/2 for each satellite, so the total mechanical energy is -GMm/r. 

(b) Now there is no K, so the total mechanical energy is simply U = —2GMm/r. The factor of 
2 is because there are two satellites. 

(c) The wreckage falls vertically onto the Earth. 


P14-26 Let r, = a(1+e) andr, = a(1—e). Then rg+r. = 2a and r, — rp = 2ae. So the answer 
is 
2(0.0167)(1.50x10''m) = 5.01 10°m, 


or 7.20 solar radii. 
P14-27 


P14-28 The net force on an orbiting star is 
M 
F=Gm (= + mdr?) . 
Tr 


This is the centripetal force, and is equal to 4n?mr/T?. Combining, 


An? G 
72 = 734M +m), 


so T = 4ry/r3/[G(4M + m)]. 


P14-29 (a) v=./GM/r, so 


v= (6.67 10-11N - m2/kg”) (5.98 x 1024kg) /(7.01 x 10m) = 7.54 x 103m/s. 


(b) T = 2n(7.01 x 10°m)/(7.54x 103m/s) = 5.84x 103s. 
(c) Originally Eo = U/2, or 


aad: : 2. 2 24 
p= — (8:67 x 1071 N - m? /kg*)(5.98x 10#kg)(220k8) gon 499. 
2(7.01 x 105m) 


After 1500 orbits the energy is now —6.25 x 10°J — (1500)(1.40 x 10°J) = —6.46 x 10°J. The new 
distance from the Earth is then 


(6.67 x 10-1!N - m?/kg?)(5.98 x 1074kg) (220kg) 


ta QI ‘li 6 ¢ 
2(—6.46 x 109J) 6.79 x 10°m 


The altitude is now 6790 — 6370 = 420 km. 
(d) F = (1.40 x 10°J) /(277.01 x 106m) = 3.2 10-3N. 
(e) No. 


181 


P14-30 Let the satellite S be directly overhead at some time. The magnitude of the speed is 
equal to that of a geosynchronous satellite T whose orbit is not inclined, but since there are both 
parallel and perpendicular components to the motion of S it will appear to move north while “losing 
ground” compared to T. Eventually, though, it must pass overhead again in 12 hours. When S is as 
far north as it will go (6 hours) it has a velocity which is parallel to T, but it is located in a region 
where the required speed to appear fixed is slower. Hence, it will appear to be “gaining ground” 
against the background stars. Consequently, the motion against the background stars appears to be 
a figure 8. 


P14-31 The net force of gravity on one star because of the other two is 


2GM? 
Fa 72 


cos(30°). 
The stars orbit about a point r = L/2cos(30°) from any star. The orbital speed is then found from 


Mv? _ Mv? = 2GM? cos(30°) 
r _ L/2cos(30°) ss L-2 : 


or v= \/GM/L. 


P14-32 A parabolic path will eventually escape; this means that the speed of the comet at any 
distance is the escape speed for that distance, or v = \/2GM/r. The angular momentum is constant, 


and is equal to 
l=mvara =Mm\V/2GMryg. 


For a parabolic path, r = 2ra/(1 + cos@). Combining with Eq. 14-21 and the equation before that 


one we get 
dd V2GMra 2 
7 ree (1 + cos 6) 


The time required is the integral 


ez aa dds ([8rg3 (2 
~VGM J, (1+cosé)2 V GM \3/" 


Note that \/ra?/GM is equal to 1/27 years. Then the time for the comet to move is 


1S od 
T = — V8— y = 0.300 y. 
2x3 


P14-33)| There are three forces on loose matter (of mass mo) sitting on the moon: the force of 
gravity toward the moon, F,, = Gmmg/a?, the force of gravity toward the planet, Fyy = GMmo/(r— 
a)”, and the normal force N of the moon pushing the loose matter away from the center of the moon. 

The net force on this loose matter is Fyy + N — Fin, this value is exactly equal to the centripetal 
force necessary to keep the loose matter moving in a uniform circle. The period of revolution of the 
loose matter is identical to that of the moon, 


T = 27./r?/GM, 


but since the loose matter is actually revolving at a radial distance r — a the centripetal force is 


_ An?mo(r—a) — GMmo(r — a) 
T2 > 3 


F. 
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Only if the normal force is zero can the loose matter can lift off, and this will happen when F, = 


Fyy = iP ai or 


—3r7a? + 3ra* — a 


at(r—a)? 
= Mr%a? —mr%(r— a)’, 
= a ( r°? + 2rta ae) 


Let r = az, then x is dimensionless; let 6 = m/M, then @ is dimensionless. The expression then 


simplifies to 


1 = B(-2° + 22* — 23). 


If we assume than z is very large (r >> a) then only the largest term on each side survives. This means 
32? & Ba, or « = (3/3)/3. In that case, r = a(3M/m)'/3. For the Earth’s moon r, = 1.1x 107m, 
which is only 4,500 km away from the surface of the Earth. It is somewhat interesting to note that 
the radius r is actually independent of both a and m if the moon has a uniform density! 
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E15-1| The pressure in the syringe is 


(42.3 N) 


= = 4.29 10°Pa. 
P* 7(1.12x 10-2m/s)2 tices 


E15-2 The total mass of fluid is 
m = (0.5x107°m?) (2600 kg /m?)+(0.25x10~*m*) (1000 kg /m*)+(0.4x107~?m?)(800 kg /m*) = 1.87 kg. 


The weight is (18.7kg)(9.8m/s”) = 18N. 


E15-3 F = AAp, so 


F = (3.43 m)(2.08m)(1.00 atm — 0.962 atm)(1.01 x 10°Pa/ atm) = 2.74 104N. 


E15-4  BAV/V =—Ap; V = L?; AV = L?AL/3. Then 


(5x 107~3m) 


9 7A X'10° Par, 
3(0.85 m) ee 


Ap = (140 x 10°Pa) 


E15-5| There is an inward force F pushing the lid closed from the pressure of the air outside the 
box; there is an outward force F) pushing the lid open from the pressure of the air inside the box. 
To lift the lid we need to exert an additional outward force F3 to get a net force of zero. 

The magnitude of the inward force is F, = Poy,A, where A is the area of the lid and Poy is 
the pressure outside the box. The magnitude of the outward force Fy is Fy = Pi, A. We are told 
F3 = 108 lb. Combining, 


fy = F,-Fs, 
PipA se PoutA — Fs, 
Pin = Pout — F3/A, 


so Pin = (15 lb/in? — (108 Ib)/(12 in?) = 6.0 Ib/in’. 


E15-6 h= Ap/pg, so 


(0.05 atm)(1.01 x 10°Pa/ atm) 
(1000 kg/m°)(9.8m/s?) 


h= = 0.52m. 


E15-7 Ap = (1060 kg/m*)(9.81 m/s?)(1.83m) = 1.90 x 104Pa. 


E15-8 Ap = (1024kg/m?)(9.81 m/s”)(118m) = 1.19x 10°Pa. Add this to po; the total pressure is 
then 1.29 x 10°Pa. 


E15-9| The pressure differential assuming we don’t have a sewage pump: 


p2 — pi = —pg (yo — y1) = (926 kg/m?) (9.81 m/s”) (8.16 m — 2.08 m) = 5.52 10*Pa. 


We need to overcome this pressure difference with the pump. 


E15-10 (a) p= (1.00 atm)e~°°°/8-55 — 0.557 atm. 
(b) h = (8.55 km) In(1.00/0.500) = 5.93 km. 
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E15-11 The mercury will rise a distance a on one side and fall a distance a on the other so that 
the difference in mercury height will be 2a. Since the masses of the “excess” mercury and the water 
will be proportional, we have 2apm = dpw, so 


(0.112m)(1000 kg/m?) 


= = 4.12x1077m. 
. 2(13600 kg/m?) Se 


E15-12 (a) The pressure (due to the water alone) at the bottom of the pool is 
P = (62.45 lb/ft*)(8.0 ft) = 500 lb/ft”. 
The force on the bottom is 
F = (500 Ib/ft”)(80 ft)(30 ft) = 1.2x 10° Ib. 
The average pressure on the side is half the pressure on the bottom, so 
F = (250 Ib/ft”)(80 ft)(8.0 ft) = 1.6x 10° Ib. 
The average pressure on the end is half the pressure on the bottom, so 
F = (250 Ib/ft)(30 ft)(8.0 ft) = 6.0x 104 Ib. 


(b) No, since that additional pressure acts on both sides. 


E15-13| (a) Equation 15-8 can be used to find the height y2 of the atmosphere if the density is 
constant. The pressure at the top of the atmosphere would be pz = 0, and the height of the bottom 
yi would be zero. Then 


y2 = (1.01 x 10°Pa)/ [(1.21 kg/m*)(9.81 m/s”)] = 8.51 x 10m. 


(b) We have to go back to Eq. 15-7 for an atmosphere which has a density which varies linearly 
with altitude. Linear variation of density means 


P= po (1- v ) 
Ymax 


Ymax 
Py = -| pg dy, 
0 


Ymax 
= -{ poa (1 - 4 ) ay, 
0 Ymax 
= y 
= —~pog | ¥— 5) 
Ymax 


= —9Ymax/2. 


Substitute this into Eq. 15-7, 


Ymax 


0 


In this case we have Ymax = 2pi/(pg), so the answer is twice that in part (a), or 17 km. 


E15-14 AP = (1000kg/m°)(9.8m/s?)(112m) = 1.1.x 10°Pa. The force required is then F = 
(1.1 x 10°Pa) (1.22 m) (0.590 m) = 7.9x 1L0°N. 
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E15-15 (a) Choose any infinitesimally small spherical region where equal volumes of the two fluids 
are in contact. The denser fluid will have the larger mass. We can treat the system as being a sphere 
of uniform mass with a hemisphere of additional mass being superimposed in the region of higher 
density. The orientation of this hemisphere is the only variable when calculating the potential energy. 
The center of mass of this hemisphere will be a low as possible only when the surface is horizontal. 
So all two-fluid interfaces will be horizontal. 

(b) If there exists a region where the interface is not horizontal then there will be two different 
values for Ap = pgh, depending on the path taken. This means that there will be a horizontal 
pressure gradient, and the fluid will flow along that gradient until the horizontal pressure gradient 
is equalized. 


E15-16 The mass of liquid originally in the first vessel is m: = pAhi; the center of gravity is 
at h;/2, so the potential energy of the liquid in the first vessel is originally U;) = pgAh7/2. A 
similar expression exists for the liquid in the second vessel. Since the two vessels have the same 
cross sectional area the final height in both containers will be hg = (hi + h2)/2. The final potential 
energy of the liquid in each container will be Us = pgA(hi + h2)?/8. The work done by gravity is 
then 


W = U,4+ U2 —-2U;, 
A 
= a [2h? + 2h2 — (h? + Qhyh + A3)) , 


A 
= ae (ha Toy 


E15-17| There are three force on the block: gravity (W = mg), a buoyant force Bo = mwg, anda 
tension 7p. When the container is at rest all three forces balance, so By — W — Ty = 0. The tension 
in this case is Tp = (My — m)g. 

When the container accelerates upward we now have B —- W — T = ma. Note that neither the 
tension nor the buoyant force stay the same; the buoyant force increases according to B = my(g+a). 
The new tension is then 


T = my(g + a) — mg — ma = (my — m)(g + a) = To(1 + a/g). 
E15-18 (a) F\/d? = F)/d3, so 
Fy = (18.6 kN)(3.72 em)?/(51.3 cm)? = 97.8N. 


(b) Foho = Fyhy, sO 
hg = (1.65m)(18.6 kN)/(97.8N) = 314m. 


E15-19 (a) 35.6 kN; the boat doesn’t get heavier or lighter just because it is in different water! 
(b) Yes. 


3 
Ay — (38:6%10°N) (, 1 1 


= —8.51x107?m?. 
(9.81 m/s?) \ (1024ke/m3) aiden} eens 


E15-20 (a) po = pi(Vi/V2) = (1000kg/m*) (0.646) = 646 kg/m?. 
(b) p2 = pi(Vi/V2) = (646 kg/m*)(0.918)~* = 704kg/m?. 
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E15-21| The can has a volume of 1200 cm, so it can displace that much water. This would 
provide a buoyant force of 


B = pVg = (998kg/m*) (1200 x 10~°m?)(9.81 m/s”) = 11.7N. 


This force can then support a total mass of (11.7N)/(9.81 m/s?) = 1.20kg. If 130 g belong to the 
can, then the can will be able to carry 1.07 kg of lead. 


E15-22  p2 = pi(Vi/V2) = (0.98 g/cm®)(2/3)~! = 1.47 g/cm’. 


E15-23 Let the object have a mass m. The buoyant force of the air on the object is then 


Bo= Pang. 


Po 
There is also a buoyant force on the brass, equal to 


By= Pang. 


Pb 


The fractional error in the weighing is then 


Bo — By — (0.0012 g/em®) (0.0012 g/em*) _ 2.01074 
mg (3.4 g/cm*) (8.0 g/em*) 


E15-24 The volume of iron is 
V; = (6130 N) /(9.81 m/s”) (7870 kg/m?) = 7.94 107?m?. 

The buoyant force of water is 6130 N — 3970N = 2160N. This corresponds to a volume of 
Vw = (2160 N)/(9.81 m/s”) (1000 kg/m?) = 2.20x 107~'m?. 


The volume of air is then 2.20 10~!m? — 7.94x107?m? = 1.41x107!m3. 


E15-25 (a) The pressure on the top surface is p = po + pgL/2. The downward force is 


Fe = (pot pgL/2)L’, 
[(1.01 x 10°Pa) + (944kg/m*) (9.81 m/s”) (0.608 m) /2] (0.608 m)? = 3.84 104N. 


(b) The pressure on the bottom surface is p = po + 3pgL/2. The upward force is 


Fy = (pot+3pgL/2)L’, 
[(1.01 x 10°Pa) + 3(944 kg/m) (9.81 m/s”) (0.608 m) /2] (0.608 m)? = 4.05 x 104N. 


(c) The tension in the wire is given by T = W + F, — Fp, or 
T = (4450 N) + (3.84x 104N) — (4.05 x 104N) = 2350N. 
(d) The buoyant force is 


B = L* pg = (0.608) (944 ke/m*)(9.81 m/s”) = 2080 N. 
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E15-26 The fish has the (average) density of water if 


Me 


eas Aes (Ae 


or an 
Va=——-Ve. 
Pw 


We want the fraction V,/(V. + Va), so 
es ee ee ee 
Ve + Va - om me’ 
1 — pw/pe = 1— (1.024 g/em*)/(1.08 g/em®) = 5.19 107?. 


E15-27| There are three force on the dirigible: gravity (W = mgqg), a buoyant force B = mag, 
and a tension JT. Since these forces must balance we have T = B—W. The masses are related to 
the densities, so we can write 


T = (Pa — pg) Vg = (1.21 kg/m? — 0.796 kg/m?) (1.17 x 10°m*)(9.81m/s”) = 4.75 x 10°N. 


E15-28 Am= ApV, so 


Am = [(0.160 kg/m?) — (0.0810 kg/m*)](5000 m?) = 395 kg. 
E15-29 The volume of one log is 7(1.05/2 ft)?(5.80 ft) = 5.02 ft®. The weight of the log is 
(47.3 Ib/ft®)(5.02 ft?) = 237 Ib. Each log if completely submerged will displace a weight of wa- 


ter (62.4 Ib/ft®)(5.02 ft?) = 313 Ib. So each log can support at most 313 lb — 237 lb = 76 Ib. The 
three children have a total weight of 247 lb, so that will require 3.25 logs. Round up to four. 


E15-30 (a) The ice will hold up the automobile if 


= Ma +Mj _— Ma, 
Pw a =a At r Pi. 
Then 
(1120 kg) 


A= = 44.2m?. 


(0.305 m)((1000 kg/m?) — (917 kg/m*?)] 


E15-31| If there were no water vapor pressure above the barometer then the height of the water 
would be y; = p/(pg), where p = po is the atmospheric pressure. If there is water vapor where there 
should be a vacuum, then p is the difference, and we would have y2 = (po — pv)/(pg). The relative 
error is 


(yi — y2)/y1 = [po/(Pg) — (po — pv)/(e9)| / [po/(e9)] ; 
py /po = (3169 Pa) /(1.01 x 10°Pa) = 3.14%. 


E15-32 p= (1.01x10°Pa)/(9.81 m/s?)(14m) = 740kg/m?. 
E15-33  h = (90)(1.01 x 10°Pa) /(8.60 m/s?) (1.36 x 104kg/m?) = 78m. 


E15-34 AU = 2(4.5x10-2N/m)4n(2.1x10-2m)? = 5.0x1074J. 
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E15-35| The force required is just the surface tension times the circumference of the circular 
patch. Then 


F = (0./072N/m)27(0.12m) = 5.43x1072N. 
E15-36 AU = 2(2.5x10-2N/m)4n(1.4x10-2m)? = 1.23 1074J. 


P15-1 (a) One can replace the two hemispheres with an open flat end with two hemispheres with 
a closed flat end. Then the area of relevance is the area of the flat end, or 7R?. The net force from 
the pressure difference is ApA = Apr R?; this much force must be applied to pull the hemispheres 
apart. 

(b) F = n(0.9)(1.01 x 10°Pa) (0.305 m)? = 2.6 x 104N. 


P15-2 The pressure required is 4x 10°Pa. This will happen at a depth 


(4x 10°Pa) F 
h= =1.3x10°m. 
(9.8m/s?)(3100 kg/m?) aT, 


P15-3| (a) The resultant force on the wall will be 


[ [Pees 


- [caw ay 
= pgD?W/2. 


F 


l 


(b) The torque will is given by r = F(D—y) (the distance is from the bottom) so if we generalize, 


—— | | Pyaeay, 


/ (—pg(D — y)) yW dy, 
pgD°W/6. 


I 


(c) Dividing to find the location of the equivalent resultant force, 
d=1/F = (pgD°W/6)/(pgD?W/2) = D/3, 
this distance being measured from the bottom. 
P15-4 p=pgy = pg(3.6 m); the force on the bottom is F = pA = pg(3.6 m)7(0.60 m)? = 1.2967pg. 
The volume of liquid is 
V = (1.8m) [7(0.60m) + 4.6x 10-4m?] = 2.037 m?® 
The weight is W = pg(2.037 m°). The ratio is 2.000. 


P15-5 The pressure at b is p.(3.2x104m)+pmy. The pressure at a is p.(3.8x104m+d) + pm(y—d). 
Set these quantities equal to each other: 


p(3-8X104m+ d)+pm(y—d) = pc(3.2x10*m) + pmy, 
pc(6xX10°m+d) = pmd, 
d = p(6x 10°m)/(Pm =pe)s 


= (2900 kg/m*)(6x10°m)/(400kg/m*) = 4.35 x 104m. 
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P15-6 (a) The pressure (difference) at a depth y is Ap = pgy. Since p = m/V, then 


ore mAV Ap 
pr VV = Psp 
Then 3 
Ps GY 
p® pst Ap= pst —p~- 


(b) Ap/ps = psgy/B, so 


Ap/p © (1000 kg/m*)(9.8 m/s”)(4200 m) /(2.2x 10°Pa) = 1.9%. 


P15-7/) (a) Use Eq. 15-10, p = (po/po)p, then Eq. 15-13 will look like 


(po/po)p = (po/po) poe "/*. 


(b) The upward velocity of the rocket as a function of time is given by v = a,t. The height of 
the rocket above the ground is given by y = $a,t?. Combining, 


a ar| = /2yar. 


Put this into the expression for drag, along with the equation for density variation with altitude; 
D = CApv? = CApoe#/“2yar. 
Now take the derivative with respect to y, 
dD/dy = (—1/a)CApoe~¥/“(2ya,) + CApoe #/*(2a,). 
This will vanish when y = a, regardless of the acceleration a,. 
P15-8 (a) Consider a slice of cross section A a depth h beneath the surface. The net force on the 


fluid above the slice will be 
Fret = ma = phAg, 


Since the weight of the fluid above the slice is 
W = mg = phAg, 
then the upward force on the bottom of the fluid at the slice must be 
W + Fret = phaA(g +a), 


so the pressure is p = F/A = ph(g + a). 
(b) Change a to —a. 
(c) The pressure is zero (ignores atmospheric contributions.) 


P15-9 (a ) Consider a portion of the liquid at the surface. The net force on this portion is F = 
ma = mai. The force of gravity on this portion is W = —mgj. There must then be a buoyant 
force on the portion with direction B = F-W= m(ai + gi). The buoyant force makes an angle 
6 = arctan(a/g) with the vertical. The buoyant force must be perpendicular to the surface of the 
fluid; there are no pressure-related forces which are parallel to the surface. Consequently, the surface 
must make an angle 6 = arctan(a/g) with the horizontal. 
(b) It will still vary as pgh; the derivation on page 334 is still valid for vertical displacements. 
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P15-10 dp/dr = —pg, but now g = 4nGpr/3. Then 


Pp 4 me is 
dp = -—-=17Gp r dr, 
(0) 3 R 


p= oaGp? (R? - r?) : 


P15-11|) We can start with Eq. 15-11, except that we’ll write our distance in terms of r instead 
if y. Into this we can substitute our expression for g, 


R?2 
g= I07 2° 
Substituting, then integrating, 
d 
gE 2, yee dr, 
Pp Po 
dp _——_gopoR” dr 
Pp po 7?’ 

i dp | [ gopoR? dr 
po P R Po pe 
m2 = sopoR € i ) 
n = 

Po Po r R 
If k = gopoR?/po, then 
p= peri), 


P15-12 (a) The net force on a small volume of the fluid is dF = rw? dm directed toward the 
center. For radial displacements, then, dF /dr = —rw?dm/dr or dp/dr = —rw"p. 
(b) Integrating outward, 


e 
1 
P=Pet ) pwr dr =pe+ ser w. 
0 
(c) Do part (d) first. 
(d) It will still vary as pgh; the derivation on page 334 is still valid for vertical displacements. 
(c) The pressure anywhere in the liquid is then given by 
= ee 
P=Por ght wo — pgY, 
where po is the pressure on the surface, y is measured from the bottom of the paraboloid, and r is 
measured from the center. The surface is defined by p = po, so 


1 
xen — pay = 0, 


or y = r?w? /2g. 


P15-13 The total mass of the shell is m = py7d,°/3, or it wouldn’t barely float. The mass of iron 
in the shell is m = pi(do? — d;?)/3, so 


so 


a= jon ee) OU eS a cei a) 0 Selene 


(7870 kg/m?) 
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P15-14 The wood will displace a volume of water equal to (3.67 kg) /(594 kg/m?) (0.883) = 5.45 x 
10~%m? in either case. That corresponds to a mass of (1000kg/m?)(5.45 x 1073m3) = 5.45kg that 
can be supported. 

(a) The mass of lead is 5.45kg — 3.67 kg = 1.78kg. 

(b) When the lead is submerged beneath the water it displaces water, which affects the “apparent” 
mass of the lead. The true weight of the lead is mg, the buoyant force is (py,/p1)mg, so the apparent 
weight is (1 — py/p,)mg. This means the apparent mass of the submerged lead is (1 — py/p1)m. 
This apparent mass is 1.78 kg, so the true mass is 

(11400 kg/m?) 


= 1.78kg) = 1.95ke. 
™ = F400 kg/m5) — (1000 kg) te KB) = 1-958 


P15-15| We initially have 


1 Po 


4 Pmercury 
When water is poured over the object the simple relation no longer works. 
Once the water is over the object there are two buoyant forces: one from mercury, F;, and one 
from the water, Fj. Following a derivation which is similar to Sample Problem 15-3, we have 


F, = piVig and Fo = poVog 


where p; is the density of mercury, V; the volume of the object which is in the mercury, p2 is the 
density of water, and V2 is the volume of the object which is in the water. We also have 


FP, + Fo = poVog and Vi + V2 = Vo 


as expressions for the net force on the object (zero) and the total volume of the object. Combining 
these four expressions, 
pPiVi + p2V2 = poVo; 


or 
piVit pe(Vo-Vi) = poVo, 
(p1— p2)Vi = (Po — p2) Vo, 
Vi _ Por pe 
Vo Pi — p2- 


The left hand side is the fraction that is submerged in the mercury, so we just need to substitute 
our result for the density of the material from the beginning to solve the problem. The fraction 
submerged after adding water is then 


Vi Po — p2 

Vo pi — pra’ 
eae 
7 Pl — p2 


(13600 kg/m?) /4 — (998 kg/m?) 
(13600 kg/m?) — (998 kg/m?) 


= 0.191. 


P15-16 (a) The car floats if it displaces a mass of water equal to the mass of the car. Then 
V = (1820kg)/(1000 kg/m?) = 1.82 m3. 

(b) The car has a total volume of 4.87 m? +0.750 m? +0.810 m? = 6.43 m?. It will sink if the total 
mass inside the car (car + water) is then (6.43 m?)(1000 kg/m?) = 6430kg. So the mass of the water 
in the car is 6430 kg — 1820 kg = 4610 kg when it sinks. That’s a volume of (4610 kg)/(1000 kg/m?) = 
4.16 m°. 


192 


P15-17 When the beaker is half filled with water it has a total mass exactly equal to the maximum 
amount of water it can displace. The total mass of the beaker is the mass of the beaker plus the 
mass of the water inside the beaker. Then 


Pw(Mg/pg + Vp) = Mg + pwVy/2, 
where mg/g is the volume of the glass which makes up the beaker. Rearrange, 


” Me Z (0.390 kg) 
Pe e/pw -Vn/2  (0.390kg)/(1000 kg/m?) — (5.00x 10-4 m3)/ 


5 = 2790 kg /m?. 


P15-18 (a) If each atom is a cube then the cube has a side of length 


1= </(6.64x 10-27 kg) /(145 ke/m3) = 3.58 x 107 !°m. 


Then the atomic surface density is 1~? = (3.58 x 107'°m)~? = 7.8 x 10!8/m?. 

(b) The bond surface density is twice the atomic surface density. Show this by drawing a square 
array of atoms and then joining each adjacent pair with a bond. You will need twice as many bonds 
as there are atoms. Then the energy per bond is 


(3.5 x 10-4N /m) 


= 1.4x107* eV. 
2(7.8x10!8/m2)(1.6x 10-9 J/eV) ens 


P15-19| Pretend the bubble consists of two hemispheres. The force from surface tension holding 
the hemispheres together is F = 2yL = 4mry. The “extra” factor of two occurs because each 
hemisphere has a circumference which “touches” the boundary that is held together by the surface 
tension of the liquid. The pressure difference between the inside and outside is Ap = F'/A, where A 
is the area of the flat side of one of the hemispheres, so Ap = (4mry)/(ar?) = 4y/r. 


P15-20 Use the results of Problem 15-19. To get a numerical answer you need to know the surface 
tension; try y = 2.5x10~?N/m. The initial pressure inside the bubble is p; = po + 4y/r;. The final 
pressure inside the bell jar is p = pp — 4y/r¢. The initial and final pressure inside the bubble are 
related by piri? = pers?. Now for numbers: 


p; = (1.00 x 10°Pa) + 4(2.5 x 107-2N/m)/(1.0x 107m) = 1.001 x 10°Pa. 


pr = (1.0x 107 °m/1.0x 10-?m)?(1.001 x 10°Pa) = 1.001 x 10?Pa. 
p = (1.001 x 10?Pa) — 4(2.5x 10-7N/m)/(1.0x 107m) = 90.1Pa. 


P15-21 The force on the liquid in the space between the rod and the cylinder is F = yL = 
2ny(R+ 1). This force can support a mass of water m = F/g. This mass has a volume V = m/p. 
The cross sectional area is 7(R? — r7), so the height h to which the water rises is 


ary(R+r) _ 27 
pgT(R?—r?)  pg(R—r)’ 
2(72.8x 10-8N/m) 


= = 9.71 10-*m. 
(1000 ke/m3) (9.81 m/s?) (4.0x 10-3m) pies we 


h 
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P15-22 (a) Refer to Problem 15-19. The initial pressure difference is 
4(2.6 x 10~?N/m) /(3.20 x 107m) = 3.25Pa. 

(b) The final pressure difference is 
4(2.6x10-?N/m)/(5.80x10~?m) = 1.79Pa. 


(c) The work done against the atmosphere is pAV, or 


4 
(1.01 x 10°Pa) (6.80 x 10~?m)* — (3.20 x 107?m)?] = 68.7 J. 


(d) The work done in stretching the bubble surface is yA A, or 


(2.60 x 10-?N/m)4z[(5.80 x 10~?m)? — (3.20x 107?m)?] = 7.65 x 10~4J. 
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E16-1 R= Av=7d?u/4 and V = Rt, so 


= 4(1600 m*) 
~ 7(0.345 m)2(2.62 m) 


= 6530s 


E16-2  A,v; = Agus, A; = 7d7/4 for the hose, and Ay = N7d3 for the sprinkler, where N = 24. 
Then 
(0.75 in)? 


(24)(0.050 in? (2:5 ft/s) = 38 ft/s. 


V2 = 


E16-3| We'll assume that each river has a rectangular cross section, despite what the picture 
implies. The cross section area of the two streams is then 


A; = (8.2m)(3.4m) = 28m? and A» = (6.8m)(3.2m) = 22m’. 

The volume flow rate in the first stream is 

Ry, = Ayu, = (28m?)(2.3m/s) = 64m?/s, 
while the volume flow rate in the second stream is 

Rg = Agv2 = (22m?)(2.6m/s) = 57m?/s. 
The amount of fluid in the stream/river system is conserved, so 

R3 = R, + Rz = (64m3/s) + (57 m?/s) = 121 m?/s. 
where R3 is the volume flow rate in the river. Then 
D3 = R3/(v3W3) = (121 m°/s) /[(10.7 m) (2.9 m/s)] = 3.9m. 

E16-4 The speed of the water is originally zero so both the kinetic and potential energy is zero. 
When it leaves the pipe at the top it has a kinetic energy of 3 (5.30 m/s)? = 14.0J/kg and a 
potential energy of (9.81 m/s?)(2.90m) = 28.4J/kg. The water is flowing out at a volume rate of 
R = (5.30m/s)(9.70 x 107-3m)? = 1.57x 1073 m3/s. The mass rate is pR = (1000 kg/m?) (1.57 x 


10-3 m3/s) = 1.57kg/s. 
The power supplied by the pump is (42.8 J/kg)(1.57kg/s) = 67.2W. 


E16-5| There are 8500 km? which collects an average of (0.75)(0.48 m/y), where the 0.75 reflects 
the fact that 1/4 of the water evaporates, so 


Ly 
R = [8500(10° m)?] (0.75)(0.48 m/y) (= ETE as) = 97m? /s. 


Then the speed of the water in the river is 
v = R/A = (97m?/s) /[(21m)(4.3m)] = 1.1m/s. 
E16-7 (a) Ap = pg(yi — y2) + p(vj — v3)/2. Then 
Ap = (62.4 Ib/ft®)(572 ft) + [(62.4 Ib/ft®) /(32 ft/s”)][(1.33 ft/s)? — (31.0 ft/s)?]/2 = 3.48x104Ib/ft”. 
(b) Agua = A1v1, so 
Ag = (7.60 ft”)(1.33 ft/s)/(31.0 ft/s) = 0.326 ft?. 
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E16-8 (a) Apve = AjvU1, sO 
v2 = (2.76 m/s) [(0.255 m)” — (0.0480 m)?] /(0.255 m)? = 2.66 m/s. 
(b) Ap = p(uj — v3)/2, 


Ap = (1000 kg/m*)[(2.66 m/s)? — (2.76 m/s)?]/2 = —271 Pa 


E16-9| (b) We will do part (b) first. 


ly cs 
R = (100 m?)(1.6 m/y) Capen) = 5.1107 m/s; 


(b) The speed of the flow R through a hole of cross sectional area a will be v = R/a. p= potpgh, 
where h = 2.0m is the depth of the hole. Bernoulli’s equation can be applied to find the speed of 
the water as it travels a horizontal stream line out the hole, 


1 2 
Pot 5p" =P, 


where we drop any terms which are either zero or the same on both sides. Then 


v = V2(p — po)/p = V2gh = \/2(9.81 m/s2)(2.0m) = 6.3m/s. 


Finally, a = (5.1x 107° m3/s)/(6.3m/s) = 8.1x10~7m?, or about 0.81 mm?. 


E16-10 (a) ve = (Ai /A2)v1 = (4.20 cm?)(5.18 m/s) /(7.60 cm?) = 2.86 m/s. 
(b) Use Bernoulli’s equation: 


1 1 
Po + pgy2+ 5 P%2 = Pi + pays + 5Pr%- 
Then 


1 1 
p2 = (1.52x10°Pa) + (1000 kg/m*) (9.81 m/s”) (9.66m) + (5.18 m/s)” — 5(2.86m/s)” ; 


= 2.56x10°Pa. 


E16-11 (a) The wind speed is (110 km/h)(1000 m/km)/(3600 s/h) = 30.6m/s. The pressure 
difference is then 


Ap = =(1.2kg/m*)(30.6 m/s)? = 562 Pa. 


1 
2 
(b) The lifting force would be F = (562 Pa)(93 m7) = 52000N. 


E16-12 The pressure difference is 


Ap = =(1.23kg/m*)(28.0 m/s)? = 482N. 


1 
2 
The net force is then F' = (482 N)(4.26 m)(5.26 m) = 10800N. 
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E16-13| The lower pipe has a radius r; = 2.52 cm, and a cross sectional area of A; = mr7. The 
speed of the fluid flow at this point is v;. The higher pipe has a radius of rg = 6.14 cm, a cross 
sectional area of Ay = mr3, and a fluid speed of v2. Then 


2 2 
Avy = Agv2 or T[ V1 = 15 U2. 


Set y; = 0 for the lower pipe. The problem specifies that the pressures in the two pipes are the 
same, so 


1 
po + 5 hea + pgye, 


1 2: 
Po + 5PUi + pgyn 


2 
1 
=y? 


1 2 
5} 5 U2 + 9Y2; 


2 


I 


We can combine the results of the equation of continuity with this and get 


vi = v3 + 2gyo, 

v2 = (uyr?/r2)? + 29ye, 
vi (1—rt/r3) = 2gye, 

vp = 2gyo/(1—rt/r3) - 


Then 
vp = 2(9.81 m/s”) (11.5 m)/ (1 — (0.0252 m)*/(0.0614 m)*) = 232 m?/s? 


The volume flow rate in the bottom (and top) pipe is 


R= arjv, = 7(0.0252 m)?(15.2 m/s) = 0.0303 m?/s. 


E16-14 (a) As instructed, 


1 1 
po + ar +pgy. = pot 5 0U3 + pgys. 
1 
0 = 503 + 9(ys— m1); 


But y3 — y, = —h, so v3 = V/2gh. 
(b) h above the hole. Just reverse your streamline! 
(c) It won’t come out as fast and it won’t rise as high. 


E16-15] Sea level will be defined as y = 0, and at that point the fluid is assumed to be at rest. 
Then 


l 


1 1 
po + pani + poy po + 5 hv + pgye, 


1 
0 = ae + gy2; 


where yo = —200 m. Then 


v2 = \/—2gy2 = \/—2(9.81 m/s?) (—200 m) = 63 m/s. 
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E16-16 Assume streamlined flow, then 


1 1 
pit taal + pgy. = pot 5 he + pgye, 
i 
(p1 — p2)/pt+9(yi-—y2) = 502: 


Then upon rearranging 


v2 = \/2[(2.1)(1.01 x 105Pa) /(1000 kg/m?) + (9.81 m/s?)(53.0 m)] = 38.3 m/s. 


E16-17 (a) Points 1 and 3 are both at atmospheric pressure, and both will move at the same 
speed. But since they are at different heights, Bernoulli’s equation will be violated. 
(b) The flow isn’t steady. 


E16-18 The atmospheric pressure difference between the two sides will be Ap = 5 pav’. The height 
difference in the U-tube is given by Ap = pwgh. Then 
(1.20 kg /m?)(15.0 m/s)? 


k= = 1.38x107?m. 
2(1000 ke /m3) (9.81 m/s?) Oe Ce 


E16-19| (a) There are three forces on the plug. The force from the pressure of the water, Fy = 

P,A, the force from the pressure of the air, Fh = P)A, and the force of friction, F3. These three 
forces must balance, so F3 = Fy — Fo, or F3 = P,A — P2A. But P, — Pp» is the pressure difference 
between the surface and the water 6.15 m below the surface, so 


Fz; = APA=-—pgyA, 
= —(998kg/m*)(9.81 m/s”)(—6.15 m)7(0.0215 m)?, 
87.4N 


(b) To find the volume of water which flows out in three hours we need to know the volume 
flow rate, and for that we need both the cross section area of the hole and the speed of the flow. 
The speed of the flow can be found by an application of Bernoulli’s equation. We’ll consider the 
horizontal motion only— a point just inside the hole, and a point just outside the hole. These points 
are at the same level, so 


1 ii 
pit pal +pgy1 = pot 5 hea + pgye, 
1 2 
PY. = Perr Beas 


Combine this with the results of Pascal’s principle above, and 


v2 = V/2(p1 — p2)/p = V/—2gy = V/—2(9.81 m/s?)(—6.15 m) = 11.0m/s. 


The volume of water which flows out in three hours is 


V = Rt = (11.0m/s)7(0.0215 m)?(3 x 3600s) = 173 m?. 


E16-20 Apply Eq. 16-12: 


v1 = \/2(9.81 m/s?) (0.262 m)(810 kg/m?) /(1.03kg/m3) = 63.6 m/s. 
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E16-21| We’ll assume that the central column of air down the pipe exerts minimal force on the 
card when it is deflected to the sides. Then 


1 1 
pit ar + pgy. = pot ae + pgye, 
=. 1 2 
Pi = pe 9 P2- 


The resultant upward force on the card is the area of the card times the pressure difference, or 


i 
F = (pi — po)A= spAv’. 


E16-22 If the air blows uniformly over the surface of the plate then there can be no torque about 
any axis through the center of mass of the plate. Since the weight also doesn’t introduce a torque, 
then the hinge can’t exert a force on the plate, because any such force would produce an unbalanced 
torque. Consequently mg = ApA. Ap = pv?/2, so 


zm 2(0.488kg)(9.81 m/s?) 
“Vp =; (7.21 kg/m?) (9.10x10-2m)2 ~ 90-92. 


E16-23 Consider a streamline which passes above the wing and a streamline which passes beneath 
the wing. Far from the wing the two streamlines are close together, move with zero relative velocity, 
and are effectively at the same pressure. So we can pretend they are actually one streamline. Then, 
since the altitude difference between the two points above and below the wing (on this new, single 
streamline) is so small we can write 


The lift force is then 1 
L=ApA= a PAlvr” — vy") 


E16-24 (a) From Exercise 16-23, 
1 
L= 5 (117 kg/m?) (2) (12.5 m?) [(49.8 m/s)? — (38.2m/s)?] = 1.49x 104N. 
The mass of the plane must be m = L/g = (1.49 104N) /(9.81 m/s?) = 1520kg. 
(b) The lift is directed straight up. 


(c) The lift is directed 15° off the vertical toward the rear of the plane. 
(d) The lift is directed 15° off the vertical toward the front of the plane. 


E16-25| The larger pipe has a radius r; = 12.7 cm, and a cross sectional area of A; = mr7. The 
speed of the fluid flow at this point is v;. The smaller pipe has a radius of rg = 5.65 cm, a cross 
sectional area of Ay = mr3, and a fluid speed of v2. Then 


Av, = Agve or rv, = = r3U2. 


Now Bernoulli’s equation. The two pipes are at the same level, so y; = y2. Then 


1% on 

Pit Fae + pgy1 = pot v2 + pgy2, 
Do ee 
Pit phi = Pat 5 Pva- 
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Combining this with the results from the equation of continuity, 


ee 1 4 
Pit 3PM = per Pua, 
2 
vy = v5 +7 pa Pr), 
2\ 2 
—_— e 2 ino — 
vy = (w 9) a ; (p2— p1), 
4 
r 2: 
ra -4) = 7 (P2— Pi): 
9) _ 
v? a (po p1) 


p(l—rit/r3) 


It may look a mess, but we can solve it to find vj, 


=141m/s. 


7 2(32.6x 103Pa — 57.1 103Pa) 
° I (998 kg/m?) (1 — (0.127 m)*/(0.0565 m)4) 


The volume flow rate is then 
R= Av = 7(0.127m)?(1.41 m/s) = 7.14 1073m?/s. 


That’s about 71 liters/second. 


E16-26 The lines are parallel and equally spaced, so the velocity is everywhere the same. We can 
transform to a reference frame where the liquid appears to be at rest, so the Pascal’s equation would 
apply, and p+ pgy would be a constant. Hence, 


1 
Po = pt pgy+ see 


is the same for all streamlines. 


E16-27 (a) The “particles” of fluid in a whirlpool would obey conservation of angular momentum, 
meaning a particle off mass m would have | = mur be constant, so the speed of the fluid as a function 
of radial distance from the center would be given by k = ur, where k is some constant representing 
the angular momentum per mass. Then v = k/r. 

(b) Since v = k/r and v = 2rr/T, the period would be T « r?. 

(c) Kepler’s third law says T x r°/?. 


E16-28 R, = 2000. Then 


Ren _ (2000)(4.0x 10~3N - s/m?) 
pD (1060 kg/m3)(3.8 x 108m) 


V< 


= 2.0m/s. 


E16-29| (a) The volume flux is given; from that we can find the average speed of the fluid in the 
pipe. 


_ 5.35 x 107? L/min 
~ (1.88 em)? 


= 4.81x 1073 L/em? - min. 


But 1 L is the same as 1000 cm® and 1 min is equal to 60 seconds, so v = 8.031074 m/s. 
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Reynold’s number from Eq. 16-22 is then 


pu OP? (13600 kg/m?) (0.0376 m)(8.03 x 10-4 m/s) __ jee 
a (1.55 x 10-3N - s/m?) eis 


This is well below the critical value of 2000. 

(b) Poiseuille’s Law, Eq. 16-20, can be used to find the pressure difference between the ends of 
the pipe. But first, note that the mass flux dm/dt is equal to the volume rate times the density 
when the density is constant. Then pdV/dt = dm/dt, and Poiseuille’s Law can be written as 


87 dV _ 8(1.55 x 1078N-- s/m?)(1.26 m) 


jn = 
PTR! dt 7(1.88x 10-2 m)4 


(8.92 x 10-’m?/s) = 0.0355 Pa. 


P16-1 The volume of water which needs to flow out of the bay is 
V = (6100 m)(5200 m)(3 m) = 9.5x 10"m? 
during a 6.25 hour (22500s) period. The average speed through the channel must be 


7 (9.5 x 10’m?) - ; 
’ = (995008)(190m)(65m) ~ a™/*: 


P16-2 (a) The speed of the fluid through either hole is v = \/2gh. The mass flux through a hole 
is Q = pAr, so prAi = p2 Ao. Then pi/p2 = Ao/Ai — wn 

(b) R= Av, sO R,/Ro => A;/A2 => 1/2. 

(c) If Ry = Ro then Aiv 2gh1 = Aov 2ghe. Then 


ho/hy = (A1/Az)? = (1/2)? = 1/4. 


So hg => hy /4. 


P16-3| (a) Apply Torricelli’s law (Exercise 16-14): v = /2gh. The speed v is a horizontal velocity, 
and serves as the initial horizontal velocity of the fluid “projectile” after it leaves the tank. There 
is no initial vertical velocity. 

This fluid “projectile” falls through a vertical distance H —h before splashing against the ground. 
The equation governing the time t for it to fall is 


1 
—~(H — h) = —=gt? 
(H—h)=—5at’, 


Solve this for the time, and t = ,/2(H — h)/g. The equation which governs the horizontal distance 
traveled during the fall is x = vzt, but vz, = v and we just found t, so 


E = vgt = V/2ghs/2(H — h)/g = 2\/R(H — hi. 


(b) How many values of h will lead to a distance of xz? We need to invert the expression, and 
we’ll start by squaring both sides 


a? = 4h(H — h) = 4hH — 4h?, 
and then solving the resulting quadratic expression for h, 


4H+V/16H2—16272 1 
= 6 6x (1: 


h 


| \/H? 2) 
8 2 " 
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For values of x between 0 and H there are two real solutions, if = H there is one real solution, 
and if x > H there are no real solutions. 

If hy is a solution, then we can write hy = (H + A)/2, where A = 2h, — H could be positive or 
negative. Then hz = (H + A)/2 is also a solution, and 


ho = (H +2h, —2H)/2=h, —H 


is also a solution. 
(c) The farthest distance is = H, and this happens when h = H/2, as we can see from the 
previous section. 


P16-4 (a) Apply Torricelli’s law (Exercise 16-14): v = ./2g(d+ hg), assuming that the liquid 
remains in contact with the walls of the tube until it exits at the bottom. 

(b) The speed of the fluid in the tube is everywhere the same. Then the pressure difference at 
various points are only functions of height. The fluid exits at C, and assuming that it remains in 
contact with the walls of the tube the pressure difference is given by Ap = p(h, + d+ hg), so the 
pressure at B is 

p= po — p(hitd+ hg). 


(c) The lowest possible pressure at B is zero. Assume the flow rate is so slow that Pascal’s 
principle applies. Then the maximum height is given by 0 = po + pghi, or 


hy = (1.01 x 10°Pa) /[(9.81 m/s”)(1000kg/m*)] = 10.3m. 


P16-5 (a) The momentum per kilogram of the fluid in the smaller pipe is v1. The momentum per 
kilogram of the fluid in the larger pipe is vg. The change in momentum per kilogram is v2 — vj. 
There are pagv2 kilograms per second flowing past any point, so the change in momentum per 
second is pazv2(v2 — v,). The change in momentum per second is related to the net force according 
to F = Ap/At, so F = pagve(v2 — v1). But F & Ap/ag, so py — po © pve(v2 — v1). 

(b) Applying the streamline equation, 


1 
p2 + pgy2 + 5 Pes 


I 


1 
pit poy + seri 

1 
xe — 3) = Pa Pi 


(c) This question asks for the loss of pressure beyond that which would occur from a gradually 
widened pipe. Then we want 


1 
Ap = 5 PY a v3) — pv2(v1 — v2), 
1 
a 5 P(vt vg) — pv2v1 + pv}, 
ne tld a ee 2 
= 5 PCM 2v1v2 + vz) = 5 P(r v2)”. 


P16-6 The juice leaves the jug with a speed v = \/2gy, where y is the height of the juice in the 
jug. If A is the cross sectional area of the base of the jug and a the cross sectional area of the hole, 
then the juice flows out the hole with a rate dV/dt = va = a,/2gy, which means the level of jug 
varies as dy/dt = —(a/A),/2gy. Rearrange and integrate, 


/ ace | * /q(a/A)dt, 
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avh— Vy) = V2gat/A. 


(4/2) (vh- va) 


When y = 14h/15 we have t = 12.0s. Then the part in the parenthesis on the left is 3.539 x 107s. 
The time to empty completely is then 354 seconds, or 5 minutes and 54 seconds. But we want the 
remaining time, which is 12 seconds less than this. 


t 


I 


P16-7| The greatest possible value for v will be the value over the wing which results in an air 
pressure of zero. If the air at the leading edge is stagnant (not moving) and has a pressure of po, 
then Bernoulli’s equation gives 


1 
Po = sees 


or v = \/2po/p = \/2(1.01 x 10°Pa) /(1.2kg/m?) = 410m/s. This value is only slightly larger than 
the speed of sound; they are related because sound waves involve the movement of air particles which 
“shove” other air particles out of the way. 


P16-8 Bernoulli’s equation together with continuity gives 


ae 1 4 
Pit gh" = poor Pua 
1 
Pi-p2 = 50 (v3 — v1), 
1 A? 
=~ 5? (Ge = i) ’ 
— vy A? ‘AZ 
= paz? | 1 3) 


But p; — p2 = (p' — p)gh. Note that we are not assuming p is negligible compared to p’. Combining, 


2(p' — p)gh 
SA a. 
» ?\) p(At— AB) 


P16-9 (a) Bernoulli’s equation together with continuity gives 


1 4 1 4 
Pit 5Pry = Pat 5P2, 
1 
i = Dew, 


1. fA? 
= 5o(She- a), 
= vyp[(4.75)? — 1] /2. 
Then 


5 
rs (Peeuouse caecrey 


(1000 kg/m?)(21.6) 


and then v2 = (4.75)(4.45 m/s) = 21.2 m/s. 
(b) R = 7(2.60 x 10-2m)?(4.45 m/s) = 9.45 x 10-3 m3/s. 
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P16-10 (a) For Fig. 16-13 the velocity is constant, or ¥ = vi. dS = idx + jdy. Then 
pv ds=v fp dv=0. 
because ¢ dx = 0. 


(b) For Fig. 16-16 the velocity is ¥ = (k/r)®. dS = tdr + 6r dd. Then 


p¥-ds=0 $ dr =O, 


because ¢ dr = 0. 


P16-11 (a) For an element of the fluid of mass dm the net force as it moves around the circle is 
dF = (v?/r)dm. dm/dV = p and dV = Adr and dF/A = dp. Then dp/dr = pv? /r. 
(b) From Bernoulli’s equation p+ pu?/2 is a constant. Then 


dp du 
ap + aes = 0, 


or v/r + du/dr = 0, or d(vr) = 0. Consequently vr is a constant. 
(c) The velocity is V = (k/r)t. ds = tdr + Or dg. Then 


f¥-ds=v f dr=0, 
because cy dr =0. This means the flow is irrotational. 


P16-12 F/A=nv/D, so 


F/A = (4.0x 1019N - s/m?) (0.048 m/3.16 x 10’s)/(1.9 x 10°m) = 3.2 x 10°Pa. 


P16-13]| A flow will be irrotational if and only if ¢ V- ds = 0 for all possible paths. It is fairly 
easy to construct a rectangular path which is parallel to the flow on the top and bottom sides, but 
perpendicular on the left and right sides. Then only the top and bottom paths contribute to the 
integral. V is constant for either path (but not the same), so the magnitude v will come out of the 
integral sign. Since the lengths of the two paths are the same but v is different the two terms don’t 
cancel, so the flow is not irrotational. 


P16-14 (a) The area of acylinder is A = 2arL. The velocity gradient if dv/dr. Then the retarding 
force on the cylinder is F = —n(2mrL)du/dr. 

(b) The force pushing a cylinder through is F’ = AAp = mr?Ap. 

(c) Equate, rearrange, and integrate: 


ar?Ap = pont 
dr 
Bh v 
Ap | rdro= 2nd | dv, 
r 0 
1 
Aps(R° =r?) = 2Qylw. 
Then K 
_ SP p22 
v= apn ) 


P16-15| The volume flux (called Ry to distinguish it from the radius R) through an annular ring 
of radius r and width dr is 


OR = OAv = 2ar or v, 


where v is a function of r given by Eq. 16-18. The mass flux is the volume flux times the density, 
so the total mass flux is 


dm ® ORy 
ap ree | oe 


2nL 

mpAp, 4 4 
= R*/2— R*/4 

PC Rt/2— RA/A), 
mpApR* 

8nL 


P16-16 The pressure difference in the tube is Ap = 4y/r, where r is the (changing) radius of the 
bubble. The mass flux through the tube is 


dm _ Aon R*y 


dt 8nLr ’ 


R is the radius of the tube. dm = pdV, and dV = 4rr2dr. Then 


4 = 
TE -T?, = t 


Then 


2(1.80 x 10-8N « s/m2)(0.112 m) Oe er 
j= 38.2 10 — (21.6x 10 = 3630s. 
(054x10-2m)42.50x102Nim) Or) REO my , 
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E17-1| For a perfect spring |F'| = k|z|. « = 0.157m when 3.94kg is suspended from it. There 
would be two forces on the object— the force of gravity, W = mg, and the force of the spring, F’. 
These two force must balance, so mg = ka or 


mg _ (3.94kg)(9.81 m/s?) 
co (0.157 m) 


k= 


= 0.246N/m. 


Now that we know k, the spring constant, we can find the period of oscillations from Eq. 17-8, 


_, [m_, | (0.520kg) _ 
E17-2 (a) T = 0.4848. 


(b) f =1/T =1/(0.484s) = 2.07871. 
c)w= iis = 13.0 rad/s. 

d) k = mw? = (0.512 kg)(13.0 rad/s)? = 86.5 N/m. 

€) Um = Wy = (13.0 rad/s) (0.347 m) = 4.51 m/s. 

f) Fy, = May, = (0.512 kg) (13.0 rad/s)?(0.347m) = 30.0N. 


E17-3 ay = (27f)?2. Then 


f = /(9.81m/s?)/(1.20x 10-6m) /(2m) = 455 Hz. 


E17-4 (a) w= (2n)/(0.645s) = 9.74 rad/s. k = mu? = (5.22kg)(9.74 rad/s)? = 495N/m. 
(b) 2m = Um/w = (0.153 m/s) /(9.74 rad/s) = 1.57x1072m. 
(c) f =1/(0.645s) = 1.55 Hz. 


E17-5| (a) The amplitude is half of the distance between the extremes of the motion, so A = (2.00 
mm)/2 = 1.00 mm. 
(b) The maximum blade speed is given by vm = w2m. The blade oscillates with a frequency of 
120 Hz, so w = 2a f = 27(120s~') = 754 rad/s, and then vy», = (754 rad/s)(0.001 m) = 0.754 m/s. 
(c) Similarly, dm = w?%m, Gm = (754 rad/s)?(0.001 m) = 568 m/s?. 


E17-6 (a) k = mw? = (1460 kg/4)(272.95/s)? = 1.25x 10°N/m 
(b) f = k/m/2n = /1.25x10°N/m)/(1830 kg/4) /2 = 2.63/s. 


E17-7 (a) x = (6.12m) cos|(8.38 rad/s)(1.90s) + 1.92 rad] = 3.27m. 
(b) v = —(6.12 m)(8.38/s) sin[(8.38 rad/s) (1.90s) + 1.92 rad] = 43.4m/s. 
(c) a = —(6.12 m)(8.38/s)? cos[(8.38 rad/s) (1.90s) + 1.92 rad] = —229 m/s?. 
(d) f = (8.38 rad/s) /2a = 1.33/s. 
(ce) T =1/f =0.750s. 


E17-8 k = (50.0 Ib)/(4.00 in) = 12.5 Ib/in. 


_ (32 ft/s”) (12 in/ft) (12.5 lb/in) 


[27 (2.00/s)]? = 30.4 lb. 


E17-9| If the drive wheel rotates at 193 rev/min then 


w = (193 rev/min)(27 rad/rev) (1/60 s/min) = 20.2 rad/s, 
then Um = Wty = (20.2 rad/s)(0.3825 m) = 7.73 m/s. 
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E17-10 k= (0.325kg)(9.81 m/s”) /(1.80x 10-2 m) = 177N/m.. 


| (2.14 kg) 
T = 2ny/ =2n = 0.691 
1 T77NJiny 7 0-5918. 


E17-11 For the tides w = 27/(12.5 h). Half the maximum occurs when cos wt = 1/2, or wt = 7/3. 
Then t = (12.5 h)/6 = 2.08 h. 


E17-12 The two will separate if the (maximum) acceleration exceeds g. 
(a) Since w = 27/T = 27/(1.18s) = 5.32 rad/s the maximum amplitude is 


Im = (9.81 m/s”) /(5.32 rad/s)? = 0.347 m. 


(b) In this case w = \/(9.81 m/s?) /(0.0512 m) = 13.8 rad/s. Then f = (13.8 rad/s)/27 = 2.20/s. 


E17-13 (a) a,/z = —w*. Then 


w = \/—(—123 m/s) /(0.112m) = 33.1 rad/s, 


so f = (33.1 rad/s)/2a = 5.27/s. 
(b) m = k/w? = (456 N/m)/(33.1 rad/s)? = 0.416 kg. 
(c) & = am coswt; v = —Xpw sinwt. Combining, 


x? + (v/w)? = tm? cos? wt + 2p? sin? wt = 2”. 


Consequently, 


tm = V(0.112m)? + (—13.6 m/s)2/(33.1 rad/s)? = 0.426 m. 


E17-14 2 = tp coswt, x2 = ycos(wt + ¢). The crossing happens when 71 = 2/2, or when 
wt = 7/3 (and other values!). The same constraint happens for x2, except that it is moving in the 
other direction. The closest value is wt + ¢ = 27/3, or 6 = 7/3. 


E17-15| (a) The net force on the three cars is zero before the cable breaks. There are three forces 
on the cars: the weight, W, a normal force, N, and the upward force from the cable, F’. Then 


F=Wsiné = 3mgsiné. 
This force is from the elastic properties of the cable, so 


iz ap Se 3mg sin 8 


x ax 


The frequency of oscillation of the remaining two cars after the bottom car is released is 


1 /k _ 1 /&mgsiné 1 /3gsiné 
AVM Ww Imx 2 Qu 


Numerically, the frequency is 


9a osimis) sin(26°) _ 
ab 3(0.142m) = 1.07 Hz. 


(b) Each car contributes equally to the stretching of the cable, so one car causes the cable to 
stretch 14.2/3 = 4.73 cm. The amplitude is then 4.73 cm. 
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E17-16 Let the height of one side over the equilibrium position be x. The net restoring force 
on the liquid is 2pAxg, where A is the cross sectional area of the tube and g is the acceleration of 
free-fall. This corresponds to a spring constant of k = 20Ag. The mass of the fluid is m = pAL. 


The period of oscillation is 
= 2 ae 1 oe 
Vk V9 


E17-17| (a) There are two forces on the log. The weight, W = mg, and the buoyant force B. 
We'll assume the log is cylindrical. If x is the length of the log beneath the surface and A the 
cross sectional area of the log, then V = Az is the volume of the displaced water. Furthermore, 
Mw = PpwV is the mass of the displaced water and B = myg is then the buoyant force on the log. 
Combining, 


B= pwAgz, 


where py is the density of water. This certainly looks similar to an elastic spring force law, with 
k = pw Ag. We would then expect the motion to be simple harmonic. 
(b) The period of the oscillation would be 


m m 
T = 2n,/— =2n,/—— 
BN SN peda 


where m is the total mass of the log and lead. We are told the log is in equilibrium when « = L = 2.56 
m. This would give us the weight of the log, since W = B is the condition for the log to float. Then 


Be pwAgh _ 


g g 


pAL. 


From this we can write the period of the motion as 


pAL (2.56 m) 
T= on, | 2 = ons/Bfg 3 2m] Bo SS 
i ay EES OU Copia) . 


E17-18 (a) k = 2(1.18J)/(0.0984m)? = 244N/m. 
(b) m = 2(1.18J)/(1.22 m/s)? = 1.59kg. 
(c) f = [(1.22m/s)/(0.0984 m)]/(27) = 1.97/s. 


E17-19 (a) Equate the kinetic energy of the object just after it leaves the slingshot with the 
potential energy of the stretched slingshot. 


mv? (0.130 kg) (11.2 x 10°m/s)? 
= = =6. 10°N /m. 
k = (153m)? 6.97 x 10°N/m 


(b) N = (6.97x 10° N/m) (1.53 m) /(220N) = 4.85 x 104 people. 
E17-20 (a) E = ktm?/2, U = kx?/2 = k(am/2)?/2 = E/4. K = E—U =3E/4. The the energy 


is 25% potential and 75% kinetic. 
(b) If U = E/2 then kx? /2 = kay,?/4, or & = tm/V2. 
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E17-21| (a) am =w?am so 


Gm (7.93 x 103 m/s?) 3 
re = 2.06 x 10° rad 
ses oe i (1.86 x 10-3 m) eas 


The period of the motion is then 


2 
Pa” = s5K10=%8, 
Ww 


(b) The maximum speed of the particle is found by 
Um = Wm = (2.06 x 10? rad/s)(1.86 x 1073 m) = 3.83 m/s. 


(c) The mechanical energy is given by Eq. 17-15, except that we will focus on when vz = Um, 
because then 7 = 0 and 


(12.3kg)(3.83 m/s)? = 90.2 J. 


ND] rR 


1 
B= 51m = 


E17-22 (a) f = /k/m/2n = \/(988N/m)/(5.13kg) /2m = 2.21/s. 
(b) U; = (988 N/m) (0.535 m)?/2 = 141 J. 
(c) K;, = (5.13kg)(11.2m/s)?/2 = 322 J. 
(d) tm = \/2E/k = \/2(3223 + 141 J)/(988N/m) = 0.968 m. 


E17-23 (a) w = \/(638N/m)/(1.26kg) = 20.7 rad/s. 


tm = 1/ (0.263 m)? + (3.72 m/s)2/(20.7 rad/s)? = 0.319 m. 


(b) ¢ = arctan {—(—3.72 m/s) /[(20.7 rad/s) (0.263 m)]} = 34.3°. 


E17-24 Before doing anything else apply conservation of momentum. If vo is the speed of the 
bullet just before hitting the block and v, is the speed of the bullet/block system just after the two 
begin moving as one, then vy = mvp/(m+ M), where m is the mass of the bullet and M is the mass 
of the block. 


For this system w = \/k/(m+M). 


a) The total energy of the oscillation is 4(m + M)v?, so the amplitude is 
sy 5} 1 


— Jm+M  — fm+M mo _ 1 
mV Vk mem ON em + MY 


The numerical value is 


1 
m— = k 1 = Ll . 
Sie NOE KS) 100 a atien Nim)(00s0ke £400kg) 


(b) The fraction of the energy is 


= 1.23x107?. 


(m+M)v2 m+M(em \>_ mm _ (0.050 kg) 
m+M m+M  (0.050kg + 4.00kg) 


2 
MUG m 


E17-25 L = (9.82m/s?)(1.00s/2m)? = 0.249 m. 
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E17-26 T = (180s)/(72.0). Then 


(Fa) (1.53 m) = 9.66m/s. 


E17-27| We are interested in the value of 0m which will make the second term 2% of the first 
term. We want to solve 


i. 9 woe 
0.02 = 32 sin? 9” 


which has solution 


. Om 
sin oa 0.08 


or Om = 33°. 
(b) How large is the third term at this angle? 


a sin! Oi 8? (5 2 Om 
2242 2 22 


79 
= 2 
52 sin” = ) = 7 (0-02) 
or 0.0009, which is very small. 
E17-28 Since T x \/1/g we have 


(9.78 m/s?) 


Tp =Tev/ Ge/gp = (1.008) 


E17-29| Let the period of the clock in Paris be 7). In a day of length D, = 24 hours it will 
undergo n = D/T; oscillations. In Cayenne the period is T. n oscillations should occur in 24 hours, 
but since the clock runs slow, D2 is 24 hours + 2.5 minutes elapse. So 


T> = D2/n = (D2/D)T; = [(1442.5 min) /(1440.0 min)]T, = 1.00177}. 
Since the ratio of the periods is (T2/T,) = \/(g1/g2), the gz in Cayenne is 
gz = g91(T1/T2)? = (9.81 m/s”) /(1.0017)? = 9.78 m/s”. 
E17-30 (a) Take the differential of 


2 2 5 
es (a Wonyn 28 x 10° m 


is , 


so 6g = (—8n?x10° m/T?)5T. Note that T is not the period here, it is the time for 100 oscillations! 
The relative error is then 


If 6g/g = 0.1% then 6T/T = 0.05%. 
(b) For g © 10m/s? we have 


T © 27(100),/(10 m)/(10 m/s?) = 628s. 


Then 6T ~ (0.0005) (987s) © 300 ms. 
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E17-31 T= 27\/(17.3m)/(9.81 m/s?) = 8.34s. 


E17-32 The spring will extend until the force from the spring balances the weight, or when Mg = 
kh. The frequency of this system is then 


i [k 1 /Mg/h_ 1 fg 
IV MQ M  2n : 


which is the frequency of a pendulum of length h. The mass of the bob is irrelevant. 


E17-33| The frequency of oscillation is 


1 /Mgd 


ae [a 


where d is the distance from the pivot about which the hoop oscillates and the center of mass of the 
hoop. 
The rotational inertia J is about an axis through the pivot, so we apply the parallel axis theorem. 
Then 
I= Md? +JIom = Md? + Mr’. 


But d is r, since the pivot point is on the rim of the hoop. So J = 2Md?, and the frequency is 


1 | Mgd 1 /g 1 /(9.81 m/s?) 
— —— = = A H . 
P= a7 ome ~ IV 2d ~ In|) 2(0.653m) — 04° 
(b) Note the above expression looks like the simple pendulum equation if we replace 2d with 1. 
Then the equivalent length of the simple pendulum is 2(0.653 m) = 1.31 m. 


E17-34 Apply Eq. 17-21: 


2 2 ‘ 
p= Te _ (48.78/20.0)(0.513N =m) _ 7 79 19-2 ey sam? 
4n? An? 


E17-35 « = (0.192N- m)/(0.850 rad) = 0.226N-m. I = 2(95.2kg)(0.148m)? = 0.834kg - m?. 
Then 


T = 2ny/T/n = Inv/(0.834kg - m2) /(0.226N-m) = 12.18. 


E17-36 «zis din Eq. 17-29. Since the hole is drilled off center we apply the principle axis theorem 
to find the rotational inertia: 7 
I= —ML? + Mz’. 


12 
Then 
T?*Mgex 

po ape An? 

1 (2.50s)?(9.81 m/s?) 
—(1.00m)? + x? Lx, 
12 An? 

(8.33x10-2m?) — (1.55m)¢+a2 = 0. 


This has solutions x = 1.49m and « = 0.0557m. Use the latter. 
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E17-37| For a stick of length L which can pivot about the end, J = 3M L?. The center of mass 
of such a stick is located d = L/2 away from the end. 
The frequency of oscillation of such a stick is 


1 /Mgd 

f on T ’ 
pis 1 /Mg(L/2) 
On 3ML? ’ 


— 1 [3g 
P= Var 


This means that f is proportional to \/1/L, regardless of the mass or density of the stick. The ratio 
of the frequency of two such sticks is then fo/f; = ./ £1/L2, which in our case gives 


fa = fiw Lo/Li = fi’ (L1)/(2L1/3) = 1.22f,. 


E17-38 The rotational inertia of the pipe section about the cylindrical axis is 


M M 
ln [ri +73] = = [(0.102 m)? + (0.1084 m)?] = (1.11 x 107?m?)M 


(a) The total rotational inertia about the pivot axis is 
I = 2I em, + M(0.102m)? + M(0.3188m)? = (0.134 m?) M. 


The period of oscillation is 


(0.134 m2) M 
T=2 = 1.60s 
Pee : 


(b) The rotational inertia of the pipe section about a diameter is 


|= a [(0.102m)? + (0.1084 m)*] = (5.54 10~°m?)M 


M 
eri sta 


The total rotational inertia about the pivot axis is now 
I = M(1.11x107~?m?) + M(0.102 m)? + M(5.54x 107%m?) + M(0.3188m)? = (0.129 m?)M 


The period of oscillation is 


(0.129 m2) M 
T=2 = 1.575. 
a : 


The percentage difference with part (a) is (0.03s)/(1.60s) = 1.9%. 
E17-39 
E17-40 


E17-41 (a) Since effectively « = y, the path is a diagonal line. 
(b) The path will be an ellipse which is symmetric about the line x = y. 
(c) Since cos(wt + 90°) = —sin(wt), the path is a circle. 
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E17-42 (a) 
(b) Take two time derivatives and multiply by m, 


F = —mAw? (i cos wt + 9j cos 3wt) 


(c) U =—JF- dF, so 


1 
U= gar (cos? wt + 9 cos? 3wt) . 


1 
k= ym Are” (sin? wt + 9 sin? 3wt) ; 


And then E = K + U = 5mA?w?. 
(e) Yes; the period is 27/w. 


E17-43| The w which describes the angular velocity in uniform circular motion is effectively the 
same w which describes the angular frequency of the corresponding simple harmonic motion. Since 
w = \/k/m, we can find the effective force constant k from knowledge of the Moon’s mass and the 
period of revolution. 
The moon orbits with a period of T,, so 

27 27 


aS @ > GTaRol esos 


This can be used to find the value of the effective force constant k from 


k = mu” = (7.36 x 10?*kg) (2.66 x 107 °rad/s)? = 5.21x 10"'N/m. 


E17-44 (a) We want to know when e~°/?™ = 1/3, or 
2 


1 2g — _2(-52kg) 


In3 = 14.7 
b (0.227kg/s) ” x 


(b) The (angular) frequency is 


(8.13N/m) (0.227kg/s) \” 
Ww -|( (1.52 kg) ) ( 2(1.52 ke) ) = 2.31 rad/s. 


The number of oscillations is then 


(14.7s)(2.31 rad/s) /2m = 5.40 


E17-45| The first derivative of Eq. 17-39 is 


“ = tm(—b/2m)e~"/?™ cos(w't + b) + 2me”*/?™ (—w’) sin(w't + ¢), 
= —a2ne/?™ ((b/2m) cos(w't + ¢) + w' sin(w’t + ¢)) 

The second derivative is quite a bit messier; 
d2 


qa = eel b/2m)e~"!/2™ ((b/2m) cos(w't + ¢) + w’ sin(w’t + ¢)) 


~ameW°t/?™ ((b/2m)(—w’) sin(w't + ¢) + (w’)? cos(w't + ¢)) , 
= 2me—?*/?2™ ((u'b/m) sin(w't + 6) + (b?/4m? — w'?) cos(w't + @)) . 
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Substitute these three expressions into Eq. 17-38. There are, however, some fairly obvious simpli- 
fications. Every one of the terms above has a factor of xz, and every term above has a factor of 
e—%/2m so simultaneously with the substitution we will cancel out those factors. Then Eq. 17-38 
becomes 


m [(w’b/m) sin(w't + ) + (b?/4m? — w””) cos(w't + ¢)] 
—b[(b/2m) cos(w’t + ¢) + w" sin(w’t + ¢)] + kcos(w’t + ¢) = 0 
Now we collect terms with cosine and terms with sine, 
(wb — w'd) sin(w't + d) + (mb? /4m? — w!? — b?/2m + k) cos(w't + ¢) = 0. 


The coefficient for the sine term is identically zero; furthermore, because the cosine term must then 
vanish regardless of the value of t, the coefficient for the sine term must also vanish. Then 


(mb? /4m? — mw!” — b?/2m +k) = 0, 
or 
m  4m?° 
If this condition is met, then Eq. 17-39 is indeed a solution of Eq. 17-38. 
E17-46 (a) Four complete cycles requires a time t4 = 87/w’. The amplitude decays to 3/4 the 
original value in this time, so 0.75 = e74/2™ or 
8b 
In(4/3) = ——. 
ne) 2mw! 


It is probably reasonable at this time to assume that b/2m is small compared to w so that w’ © w. 
We'll do it the hard way anyway. Then 


“= (Gram) (Gn). 
m (3m) = (iran) (am) 
i 


Numerically, then, 


os 4(1.91 kg)(12.6 N/m) = ; 
ies i (7630) = 0.112keg/s. 


(b) 
E17-47 (a) Use Eqs. 17-43 and 17-44. At resonance w” = w, so 
G= Vb?w? = bw, 


and then 2m = Fm/bw. 
(b) Um = Wim = Fy, /d. 
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E17-48 We need the first two derivatives of 


Fm 
x= —cos(w"t — 3) 


G 
The derivatives are easy enough to find, 
dx Fy ‘ 
Wee ee) sin(w"'t — 8), 
and P a 
ae = lw")? cos(w"t — 8), 


We'll substitute this into Eq. 17-42, 
Py 
in (—SE") cos(w"t 9) 


+b (Bow) sin(w”t — 3)) + ae cos(w”t — 3) = Fim cosw”t. 


Then we’ll cancel out as much as we can and collect the sine and cosine terms, 
(k — m(w")”) cos(w”t — 8) — (bw) sin(wt — 8) = Gcosw"t. 
We can write the left hand side of this equation in the form 
Acos @1 COs 2 — Asina, sin ag, 
if we let ag = wt — G and choose A and aq, correctly. The best choice is 


Acosa, = k—m(w")?, 


Asina,y = bw”, 
and then taking advantage of the fact that sin? + cos? = 1, 
A? = (k— m(w")?)? + (bw"")?, 
which looks like Eq. 17-44! But then we can apply the cosine angle addition formula, and 
Acos(ay + wt — 8) = Gcosw"t. 


This expression needs to be true for all time. This means that A = G and a; = £. 


E17-49| The derivatives are easy enough to find, 


dx Fu 
dt G ( i si ( nt (Os 
and 2 
d x Fn 
de = = cos(w’’t = B), 


We'll substitute this into Eq. 17-42, 
Fy 
m (-w"y cos(w"t _ 9)) 
Fy my . UE Py mw 1 
+b Ge )sin(w'’t — B) } + ha cos(w’"t — 3) = Fy, cosw"'t. 
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Then we’ll cancel out as much as we can and collect the sine and cosine terms, 
(k — m(w”)?) cos(w/"t — 8) — (bw) sin(w!”t — 8) = Gcos wt. 
We can write the left hand side of this equation in the form 
Acos a1 cos a2 — Asina, sin ag, 
if we let ag = wt — GB and choose A and a; correctly. The best choice is 


Acosa, = k—m(w"")?, 


Asina,y = bw”, 
and then taking advantage of the fact that sin? + cos? = 1, 
A? = (k— m(w”)?)? + (bw), 
which looks like Eq. 17-44! But then we can apply the cosine angle addition formula, and 
Acos(ay + wt — B) = Gcosw"t. 


This expression needs to be true for all time. This means that A = G and a, + w’/”t — 8 =w"t and 
a, = Band w”’ =w". 


E17-50 Actually, Eq. 17-39 is not a solution to Eq. 17-42 by itself, this is a wording mistake in 
the exercise. Instead, Eq. 17-39 can be added to any solution of Eq. 17-42 and the result will still 
be a solution. 

Let x, be any solution to Eq. 17-42 (such as Eq. 17-43.) Let 2, be given by Eq. 17-39. Then 


C=, + Lp. 


Take the first two time derivatives of this expression. 


dx dx, | dry 

Ba Agee ae: 
da 7 xy, dry, 
dt2 dt? dt? 


Substitute these three expressions into Eq. 17-42. 


an a xy, dxy dx}, ” 
m (SS i) 10 ( BE) 4h (ay +) = Fr cose t. 


Rearrange and regroup. 


any diy aay, dxy, 
(m 72 +b i + ka (m 7p tb + ka = Fy, cosw"t. 


Consider the second term on the left. The parenthetical expression is just Eq. 17-38, the damped 
harmonic oscillator equation. It is given in the text (and proved in Ex. 17-45) the xy is a solution, 
so this term is identically zero. What remains is Eq. 17-42; and we took as a given that 2, was a 
solution. 

(b) The “add-on” solution of x, represents the transient motion that will die away with time. 
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E17-51| The time between “bumps” is the solution to 


vie = &, 
(13 ft) 1 mi 3600 s 
t = = 0. 
fomivnn “soso The ye 
The angular frequency is 
27 
w = — = 7.09 rad/s 


T 


This is the driving frequency, and the problem states that at this frequency the up-down bounce 
oscillation is at a maximum. This occurs when the driving frequency is approximately equal to the 
natural frequency of oscillation. The force constant for the car is k, and this is related to the natural 
angular frequency by 


k=m? = ge 
g 
where W = (2200 + 4 x 180) Ib= 2920 lb is the weight of the car and occupants. Then 
2920 1 
jp = 2970 1b) 07 09 rad/s)? = 4590 Ib/ft 
(32 ft/s”) 


When the four people get out of the car there is less downward force on the car springs. The 
important relationship is 
AF = kAc. 


In this case AF’ = 720 lb, the weight of the four people who got out of the car. Az is the distance 
the car will rise when the people get out. So 


AF (720 lb) 


A — — 
“~~ 4590 lb/ft 


= 0.157 ft + 2 in. 


E17-52 The derivative is easy enough to find, 


d. Fy 
7 = a (-#") sin(w”t — 6), 
The velocity amplitude is 
7 Fu " 
Um = G ’ 
aawi. Fn 
- m2 (wl? —w)2 + bw!’ 
Fn 


J(u" —k/w)? + b2 
Note that this is exactly a maximum when w” = w. 
E17-53 The reduced mass is 


m = (1.13kg)(3.24kg)/(1.12kg + 3.24kg) = 0.840 kg. 


The period of oscillation is 


T = 2ny/(0.840 kg) /(252 N/m) = 0.363s 
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E17-54 


E17-55 Start by multiplying the kinetic energy expression by (m1 + m2)/(m, + mg). 


(m1 + mz) 


K = 2 2 
2(m, + ma) (mvj m2U3) , 
1 
= ay (mvt + mama(vt + v3) + mgv2) , 


2(m 1 + m2) 
and then add 2m, mov, v2 — 2M, M2102, 

1 
2m + ma) | 
1 
2(m, + m2) ( 


Kk 


I 


2,2 2,2 2 2 
MyVy + 2mMymMgv V2 + Mav5 +My Mo(vy + VS — 2v1 v2) : 


(my + myv2)* + MyMo2(v1 pai v2)*) . 


But mj v2 + M2v2 = 0 by conservation of momentum, so 


(m1m2) 


4 
2(m, + mz) ota) 
= 5 (1 — te)”. 


P17-1 The mass of one silver atom is (0.108 kg) /(6.02x1073) = 1.79x10~*°kg. The effective spring 
constant is 
k = (1.79 10~?°kg)4n? (10.0 x 10!?/s)? = 7.07 x 10?N/m. 


P17-2 (a) Rearrange Eq. 17-8 except replace m with the total mass, or m+ M. Then (M+m)/k = 
T?/(4n7), or 
M = (k/4n*)T? — m. 


(b) When M = 0 we have 
m = [(605.6 N/m)/(47*)] (0.90149 s)? = 12.467kg. 
(c) M = [(605.6 N/m) /(47?)](2.08832s)? — (12.467 kg) = 54.432 ke. 


P17-3|} The maximum static friction is Fy < ,N. Then 


Py =psN = usW = psig 


is the maximum available force to accelerate the upper block. So the maximum acceleration is 
Am = CU Lsg 
m 
The maximum possible amplitude of the oscillation is then given by 


am LsJ 
tin = = 


we k/(m+My’ 


where in the last part we substituted the total mass of the two blocks because both blocks are 
oscillating. Now we put in numbers, and find 


2 
ap, — (0.42) (.22kg + 8.73 kg)(9-81m/s*) 9 oan, 
(344.N/m) 
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P17-4 (a) Equilibrium occurs when F = 0, or b/r? = a/r?. This happens when r = b/a. 
(b) dF /dr = 2a/r? — 3b/r*. At r = b/a this becomes 


dF /dr = 2a*/b® — 3a*/b? = —a*/d°, 


which corresponds to a force constant of a*/b°. 
(c) T = 20\/m/k = 27Vmb?/a?, where m is the reduced mass. 


P17-5 Each spring helps to restore the block. The net force on the block is then of magnitude 
PF, 4+ Fo = kia + koxw = (ky + ko) = ka. We can then write the frequency as 


ae! [fe 1 fly thy 
IV im Qn m 


With a little algebra, 


je 
T m 
1 ky 1 kp 


= /fi+ fe. 


P17-6 The tension in the two spring is the same, so kix, = k2x2, where x; is the extension of the 
ith spring. The total extension is 7; + £2, so the effective spring constant of the combination is 


P F 1 1 kike 


Z @+a%, /F+22/F 1/ki+1/ko ki +k 
ee ey eae kike 
— Qt Vm Qr\ (ki + ke)m 


1 kiko 
20 (ky + k2)m’ 


1 1 
On \ m/ky + m/ka’ 
_ aA 1 
Oa VW 1/w? + 1/w2’ 


2,2 
1 WW 

2 2? 
2a Vi we + we 


Fis, 
f 


The period is then 


With a little algebra, 


Vfit+ fs 
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P17-7) (a) When a spring is stretched the tension is the same everywhere in the spring. The 
stretching, however, is distributed over the entire length of the spring, so that the relative amount 
of stretch is proportional to the length of the spring under consideration. Half a spring, half the 
extension. But k = —F/z, so half the extension means twice the spring constant. 

In short, cutting the spring in half will create two stiffer springs with twice the spring constant, 
so k = 7.20 N/cm for each spring. 
(b) The two spring halves now support a mass M. We can view this as each spring is holding 


one-half of the total mass, so in effect 
1 k 
P= 5, \) M/2 


2k 2(720 N/m) 
dn? f? 4n2(2.878—1P ake 


or, solving for M, 


M 


P17-8 Treat the spring a being composed of N massless springlets each with a point mass m,/N 
at the end. The spring constant for each springlet will be kN. An expression for the conservation 
of energy is then 


Since the spring stretches proportionally along the length then we conclude that each springlet 
compresses the same amount, and then z,, = A/N sinwt could describe the change in length of each 
springlet. The energy conservation expression becomes 


N 
s k : 
se + x s ge sf sin? wt = E. 


v = Awcoswt. The hard part to sort out is the uv, since the displacements for all springlets to one 
side of the nth must be added to get the net displacement. Then 


A 
Un = Mae cos wt, 


and the energy expression becomes 


N 
m ™Ms 2 929.2 9 k 2 at? = 
Ga > nt) ae cos wtt aA sin* wt = E. 


Replace the sum with an integral, then 


AOR cae 1 
xa mana 5. 


and the energy expression becomes 
1 


- k 
5 (m + =) A?w? cos? wt + ait sin? wt = E. 


This will only be constant if 


or T = 20,/(m+ ms/3)/k. 
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P17-9 (a) Apply conservation of energy. When x = x» v = 0, so 


1 2 1 2 1 2 
shim? = smlo(0)? + shle(], 
tm? = —[v(0)]? + [x(0))?, 


SF |'3 


Lm — 


[v(0)/w]? + [a(0)]?. 
(b) When t = 0 x(0) = a, cos ¢ and v(0) = —way sin ¢, so 
v0) _ sing © 


wa(0) cosp 


tan @. 


P17-10 


P17-11)] Conservation of momentum for the bullet block collision gives mv = (m+ M)u¢ or 


m 
v. 
m+M 


UE = 


This v¢ will be equal to the maximum oscillation speed v;,. The angular frequency for the oscillation 


is given by 
| ok 
Ww = 4/ ——_. 
m+M 


Then the amplitude for the oscillation is 
Um m m+M mv 


Um = = 


U = . 
w m+M k Jk(m+M) 


P17-12 (a) W = F,, or mg = ka, so x = mg/k. 
(b) F = ma, but F = W — Fs = mg — kz, and since ma = md?x/dt?, 


ae 
m2 + ka = mg. 
The solution can be verified by direct substitution. 
(c) Just look at the answer! 
(d) dE'/dt is 


ge n pat fg _ 9 
dt dt dt ; 
a +ke = mg. 
dt 


P17-13 The initial energy stored in the spring is k2,,7/2. When the cylinder passes through the 
equilibrium point it has a translational velocity vy, and a rotational velocity w, = vm/R, where R 
is the radius of the cylinder. The total kinetic energy at the equilibrium point is 


1 5:5, de ge A 1 2 
a m <I te oy, P= m: 
git 5 WwW 5 (m+ 5m) o 
Then the kinetic energy is 2/3 translational and 1/3 rotational. The total energy of the system is 


i 
E= 5 (294 N/ m) (0.239 m)? = 8.40 J. 
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(a) Ky = (2/3)(8.40J) = 5.607. 
(b) Ky, = (1/3)(8.40 J) = 2.80 J. 
(c) T he energy expression is 


3m 
5 (= 5 )e vita ska? = 
which leads to a standard expression for the period with 3M/2 replacing m. Then T = 27,/3M/2k. 


P17-14 (a) Integrate the potential energy expression over one complete period and then divide by 
the time for one period: 


Qr/w Qn /w 
ine fe dt = a Lm? cos” wt dt, 
27 Jo 2 Ar 
k 
— we tm, 
An 
1 
= —kep?. 
1 x 


This is half the total energy; since the average total energy is F, then the average kinetic energy 
must be the other half of the average total energy, or (1/4)kam?. 
(b) Integrate over half a cycle and divide by twice the amplitude. 


1 fe ia oe 
am = 5 ha” dx = ge 5 
1 
= _k ae 
6 x 


This is one-third the total energy. The average kinetic energy must be two-thirds the total energy, 
or (1/3)ka.7. 


P17-15 The rotational inertia is 
1 1 
I= 5 MR +Md?=M (50.144m? + (0.102 m)?) = (2.08 x 107?m?) M. 
The period of oscillation is 
(2.08 x 10-2m?) M 
=2 = 0.906s. 
ml st9d M (9.81 m/s2)(0.102m) . 


P17-16 (a) The rotational inertia of the pendulum about the pivot is 


1 1 
(0.488 kg) (510.103 m)? + (0.103 m + 0.524m)?) + 3 (0.272 kg) (0.524 m)” = 0.219kg - m?. 


(b) The center of mass location is 


(0.524 m) (0.272 kg) /2 + (0.103 m + 0.524 m) (0.488 kg) 


= (0.272 kg) + (0.488 kg) 


= 0.496 m. 


(c) The period of oscillation is 


T = 2my/(0.291 kg - m2) /(0.272 kg + 0.488kg)(9.81 m/s2)(0.496 m) = 1.76s. 
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P17-17)| (a) The rotational inertia of a stick about an axis through a point which is a distance d 
from the center of mass is given by the parallel axis theorem, 


1 
T=Ilm+md = inl’ +mdéd?. 


The period of oscillation is given by Eq. 17-28, 


2 2 
T=22nr aes =n Et + 12d? 
mgd 12gd 
(b) We want to find the minimum period, so we need to take the derivative of T with respect to 
d. It’ll look weird, but 


dT 12d? — L? 
= . 
dd" /iagd8(L2 + 122) 
This will vanish when 12d? = L?, or when d = L/V12. 


P17-18 The energy stored in the spring is given by kx?/2, the kinetic energy of the rotating wheel 
is 


1 v\2 

= (MR) (=) 

2 ( ) r o] 
where v is the tangential velocity of the point of attachment of the spring to the wheel. If « = 
tm Sinwt, then v = mw coswt, and the energy will only be constant if 


2 k r? 
a = ao. 
M R? 


P17-19 The method of solution is identical to the approach for the simple pendulum on page 381 
except replace the tension with the normal force of the bowl on the particle. The effective pendulum 
with have a length R. 


P17-20 Let x be the distance from the center of mass to the first pivot point. Then the period is 


given by 
2 
ee cel 
Mga 


Solve this for x by expressing the above equation as a quadratic: 


MgT? 
Ma? — ( Z Jerr=o 


There are two solutions. One corresponds to the first location, the other the second location. Adding 
the two solutions together will yield LZ; in this case the discriminant of the quadratic will drop out, 
leaving 

MgI? gT? 


G= E aoe 
oe aie Vo eam) 


Then g = 41? L/T?. 


223 


P17-21 In this problem 
210m)? 
I = (2.50 kg) (a= + (0.760 m + 0.210m)?) = 2.41 kg/-m?. 


The center of mass is at the center of the disk. 
(a) T= Qr/(2.41 kg/ -m?)/(2.50 kg) (9.81 m/s?)(0.760 m + 0.210m) = 2.00s. 
(b) Replace Mgd with Mgd + « and 2.00s with 1.50s. Then 


An? (2.41 kg/ +m? 
k= — =; ae ™") _ (2.50kg)(9.81 m/s?)(0.760 m + 0.210m) = 18.5N-m/rad. 


P17-22 The net force on the bob is toward the center of the circle, and has magnitude Frye = 
mv?/R. This net force comes from the horizontal component of the tension. There is also a vertical 
component of the tension of magnitude mg. The tension then has magnitude 


T = (ng)? + (me? RP = my/gP + F/R. 


It is this tension which is important in finding the restoring force in Eq. 17-22; in effect we want to 
replace g with ,/g? + v*/R? in Eq. 17-24. The frequency will then be 


1 L 
I= onl Vga 


P17-23) (a) Consider an object of mass m at a point P on the axis of the ring. It experiences a 
gravitational force of attraction to all points on the ring; by symmetry, however, the net force is not 
directed toward the circumference of the ring, but instead along the axis of the ring. There is then 
a factor of cos @ which will be thrown in to the mix. 

The distance from P to any point on the ring is r = /R? + z?, and @ is the angle between the 
axis on the line which connects P and any point on the circumference. Consequently, 


cos @ = z/r, 


and then the net force on the star of mass m at P is 


GMm GMmz GMmz 
cos 6 = = 


2S a) rs (R24 22)3/2" 


(b) If z << R we can apply the binomial expansion to the denominator, and 


(R? + 22)-8/2 = RS (1 + er ~ RS (1 e : (3) ) 


Keeping terms only linear in z we have 


pu GMm 


z 


pe 


which corresponds to a spring constant k = GMm/R°. The frequency of oscillation is then 


f = Vk/m/(2n) = /GM/R3/(2n). 


(c) Using some numbers from the Milky Way galaxy, 


b= (rx 10-!!N - m?/kg*) (2x 1048kg) /(6 x 10!9m)3/(27) = 1x 1074 Hz. 
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P17-24 (a) The acceleration of the center of mass (point C) is a = F/M. The torque about an 
axis through the center of mass is tau = F'R/2, since O is R/2 away from the center of mass. The 
angular acceleration of the disk is then 


a=7/I = (FR/2)/(MR?/2) = F/(MR). 


Note that the angular acceleration will tend to rotate the disk anti-clockwise. The tangential com- 
ponent to the angular acceleration at P is ap = —aR = —F'/M; this is exactly the opposite of the 
linear acceleration, so P will not (initially) accelerate. 

(b) There is no net force at P. 


P17-25 The value for k is closest to 
k = (2000 kg/4) (9.81 m/s”)/(0.10m) = 4.9x 10*N/m. 


One complete oscillation requires a time t; = 27/w’. The amplitude decays to 1/2 the original 
value in this time, so 0.5 = e71/2™, or 


It is not reasonable at this time to assume that b/2m is small compared to w so that w’ + w. Then 
eee eo 
In(2) 2m)” 
k b \? Be OP a 
m 2m In(2) 2m)” 
k b \? 
ae 81.2) | — 
m ( ) (=~) 


_ /4(2000 kg/4)(4.9 x 104N/m) 
= ano) = 1100kg/s. 


I 


Then the value for 0 is 


P17-26 a=d?x/dt? = —Aw? coswt. Substituting into the non-linear equation, 
—mAw? cos wt + kA? cos? wt = F cos wat. 


Now let wq = 3w. Then 
kA? cos? wt — mAw? cos wt = F cos 3wt 


Expand the right hand side as cos 3wt = 4cos* wt — 3 cos wt, then 
kA? cos? wt — mAw* coswt = F(4cos? wt — 3cos wt) 


This will only work if 4F = kA® and 3F = mAw?. Dividing one condition by the other means 
4mAw? = kA?, so A xw and then F x w? « wa?. 
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P17-27 (a) Divide the top and the bottom by mz. Then 


mim my 


Mm, + Me = (m1/m2) +1? 


and in the limit as mz — oo the value of (m,/mz2) — 0, so 


F myms : my 
lim ———— = lim 


=m). 
maoo M1, + Mg m2—00 (m1/me2) +1 


(b) m is called the reduced mass because it is always less than either m; or mz. Think about it 


in terms of 
my meg 


(mi/m2) +1 (m2/m) +1 


Since mass is always positive, the denominator is always greater than or equal to 1. Equality only 
occurs if one of the masses is infinite. Now w = ,/k/m, and since m is always less than m1, so the 
existence of a finite wall will cause w to be larger, and the period to be smaller. 

(c) If the bodies have equal mass then m = m 1/2. This corresponds to a value of w = \/2k/my. 
In effect, the spring constant is doubled, which is what happens if a spring is cut in half. 


m= 
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E18-2 (a) f = (12)/(30s) = 0.40 Hz. 
(b) v = (15m)/(5.0s) = 3.0m/s. 
(c) A= v/f = (3.0 m/s) /(0.40 Hz) = 7.5m. 


E18-3| (a) The time for a particular point to move from maximum displacement to zero dis- 
placement is one-quarter of a period; the point must then go to maximum negative displacement, 
zero displacement, and finally maximum positive displacement to complete a cycle. So the period is 
4(178 ms) = 712 ms. 

(b) The frequency is f = 1/T = 1/(712x 1073s) = 1.40 Hz. 

(c) The wave-speed is v = fA = (1.40 Hz)(1.38 m) = 1.93 m/s. 


E18-4 Use Eq. 18-9, except let f = 1/T: 


y = (0.0213 m) sin 27 ( — (385 Hz) = (0.0213 m) sin [(55.1 rad/m)a — (2420 rad/s)¢] . 


x 
(0.114 m) 


E18-5| The dimensions for tension are [F] = [M][L]/[T]? where M stands for mass, L for length, T 
for time, and F stands for force. The dimensions for linear mass density are [M]/[L]. The dimensions 
for velocity are [L]/[T]. 

Inserting this into the expression v = F*%/p?, 


[LE] _ (Mje(L)> (LP 
[T]  [T}= [MyP’ 
[L] _ [MJ?-P[L}stP 
[T] a 
There are three equations here. One for time, —1 = —2a; one for length, 1 = a+ 0; and one for 


mass, 0 = a— b. We need to satisfy all three equations. The first is fairly quick; a = 1/2. Either of 
the other equations can be used to show that b = 1/2. 


E18-6 (a) ym = 2.30 mm. 
(b) f = (588 rad/s)/(2m rad) = 93.6 Hz. 
(c) vu = (588 rad/s)/(1822 rad/m) = 0.323 m/s. 
(d) \ = (27 rad)/(1822 rad/m) = 3.45 mm. 
(e) Uy = Ymw = (2.30 mm) (588 rad/s) = 1.35 m/s. 


E18-7 (a) Ym = 0.060 m. 
(b) \ = (27 rad) /(2.07 rad/m) = 1.0m. 
(c) f = (4.07 rad/s) /(27 rad) = 2.0 Hz. 
(d) vu = (4.07 rad/s) /(2.07 rad/m) = 2.0m/s. 
(e) Since the second term is positive the wave is moving in the —z direction. 
(f) ty = Ymw = (0.060 m)(4.07 rad/s) = 0.75 m/s. 


E18-8 v= \/F/p = /(487N)/{(0.0625 kg) /(2.15m)] = 129m/s. 
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E18-9| We'll first find the linear mass density by rearranging Eq. 18-19, 


F 


Her 


Since this is the same string, we expect that changing the tension will not significantly change the 
linear mass density. Then for the two different instances, 


Py, 9 
vz 
We want to know the new tension, so 
v3 (180 m/s)? 
Fy = Fy = (123N) +" = 135N 
* a ( in m/s)? 


E18-10 First v = (317 rad/s) /(23.8 rad/m) = 13.32m/s. Then 
p= F/v? = (16.3N)/(13.32 m/s)? = 0.0919 kg/m. 


E18-11 (a) Ym = 0.05m. 

b) \ = (0.55m) — (0.15 m) = 0.40 m. 

)v= JF/u= V(3.6N)/(0.025kg/m) = 12 m/s. 

d) T =1/f = \/v = (0.40 m)/(12 m/s) = 3.33x 10-2s. 

e) Uy = Ymw = 27Ym/T = 27(0.05 m)/(3.33 x 1072s) = 9.4m/s. 

(f) k = (2m rad)/(0.40m) = 5.07 rad/m; w = kv = (5.07 rad/m)(12m/s) = 607 rad/s. The 
phase angle can be found from 


(0.04 m) = (0.05 m) sin(@), 
or ¢ = 0.93 rad. Then 


y = (0.05 m) sin[(5.07 rad/m)a + (607 rad/s)t + (0.93 rad)]. 


E18-12 (a) The tensions in the two strings are equal, so F = (0.511 kg)(9.81 m/s?) /2 = 2.506 N. 
The wave speed in string 1 is 


v= VF/w= (2.506 N)/(3.31 x 10-3kg/m) = 27.5 m/s, 


while the wave speed in string 2 is 


v = VF/w= (2.506 N)/(4.87 x 10-3kg/m) = 22.7 m/s. 


(b) We have VF / ma => J Fo/p2, or Fy / ur = PF /p2. But F; = Mig, sO My /p1 => M2/pW2. Using 
M=M,+ Mp, 


M  M-M, 
M1 M2 

M,M _ M 

in fe 


[2” 
m= ¥/(Z+2). 
H2 1 2 
= (0.511 kg) a 1 it dl ) 
(4.87 x 10-8kg/m) (3.31x10-8kg/m)  (4.87x10-8kg/m) / ’ 
= 0.207kg 


and Mz = (0.511 kg) — (0.207 kg) = 0.304kg. 
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E18-13]| We need to know the wave speed before we do anything else. This is found from Eq. 


18-19, 
(248 N) 
= = 162m/s. 
an 'E -(an- james 7(10.3m) ms 


The two pulses travel in opposite directions on the wire; one travels as distance x, in a time t, the 
other travels a distance x2 in a time t+ 29.6 ms, and since the pulses meet, we have 7; + x2 = 10.3 
m. 

Our equations are then x, = vt = (162 m/s)t, and x2 = v(t+29.6 ms) = (162 m/s)(t+29.6 ms) = 
(162 m/s)t + 4.80 m. We can add these two expressions together to solve for the time t at which the 
pulses meet, 


10.3m = 21 + @ = (162m/s)t + (162 m/s)t + 4.80 m = (324 m/s)t + 4.80 m. 


which has solution t = 0.0170s. The two pulses meet at 21 = (162m/s)(0.0170s) = 2.75m, or 
rq = 7.55m. 


E18-14 (a) 0y/Or = (A/r)kcos(kr — wt) — (A/r?) sin(kr — wt). Multiply this by r?, and then find 


0 29 


an” Or = Akcos(kr — wt) — Ak?r sin(kr — wt) — Akcos(kr — wt). 
rr 


Simplify, and then divide by r? to get 


10 2Oy 


2 . - 
72 ae or = —(Ak*/r) sin(kr — wt). 


Now find 0?y/0t? = —Aw? sin(kr — wt). But since 1/v? = k?/w?, the two sides are equal. 
(b) [length]?. 


E18-15 The liner mass density is = (0.263 kg) /(2.72m) = 9.669x10~?kg/m. The wave speed is 
= \/(36.1 N)/(9.669 x 10-2kg/m) = 19.32 m/s. 
Pay = 5 Mu Ym? V, sO 


_ 2(85.5 W) 
“= \I (9.669 x 10-2kg/m)(7.70 x 10-3m)2(19.32 m/s) 


= 1243 rad/s. 


Then f = (1243 rad/s) /2a = 199 Hz. 


E18-16 (a) If the medium absorbs no energy then the power flow through any closed surface 
which contains the source must be constant. Since for a cylindrical surface the area grows as r, then 
intensity must fall of as 1/r. 

(b) Intensity is proportional to the amplitude squared, so the amplitude must fall off as 1/,/r. 


E18-17| The intensity is the average power per unit area (Eq. 18-33); as you get farther from the 
source the intensity falls off because the perpendicular area increases. At some distance r from the 
source the total possible area is the area of a spherical shell of radius r, so intensity as a function of 
distance from the source would be 


Pay 
Arr? 
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We are given two intensities: J, = 1.13 W/m? at a distance r1; Iz = 2.41W/m? at a distance 
rg = 7; — 5.30m. Since the average power of the source is the same in both cases we can equate 
these two values as 


Arr? ly = Anrr3 Ip, 
Arr? = 4n(r,—d)*Ib, 


where d = 5.30m, and then solve for r;. Doing this we find a quadratic expression which is 


ret = (r?-2dr, 4+ @)h, 
0 = ( A) 2dr, + d’, 
_ (his Wy mit) \ 5 ‘ 
a (: (241 W/m) )"! 2(5.30m)r; + (5.30 m)?, 
0 = (0.531)r7 — (10.6 m)r; + (28.1m?). 


The solutions to this are r; = 16.8m and r; = 3.15m; but since the person walked 5.3m toward 
the lamp we will assume they started at least that far away. Then the power output from the light 
is 

P =4nrjI, = 4n(16.8m)?(1.13 W/m?) = 4.01 x 10°W. 


E18-18 Energy density is energy per volume, or u= U/V. A wave front of cross sectional area A 
sweeps out a volume of V = Al when it travels a distance 1. The wave front travels that distance 
1 in a time t = I/v. The energy flow per time is the power, or P = U/t. Combine this with the 
definition of intensity, J = P/A, and 


I P U UV UuAl 
A” te dn ake 


E18-19| Refer to Eq. 18-40, where the amplitude of the combined wave is 


2ym cos(Ad/2), 
where y is the amplitude of the combining waves. Then 
cos(Ad¢/2) = (1.65ym)/(2ym) = 0.825, 


which has solution Ad = 68.8°. 


E18-20 Consider only the point x = 0. The displacement y at that point is given by 
Y = Ym1 Sin(wt) + ym sin(wt + 7/2) = Yui sin(wt) + ym2 cos(wt). 


This can be written as 
Y = Ym(A1 sin wt + Ag cos wt), 


where A; = Ymi/Ym- But if ym is judiciously chosen, A; = cos 3 and Ag = sin, so that 
Y = Ym Sin(wt + f). 


Since we then require A? + A} = 1, we must have 


Ym = V (3.20 em)? + (4.19 em)? = 5.27 cm. 
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E18-21 ‘The easiest approach is to use a phasor representation of the waves. 
Write the phasor components as 


%1 = ymicos qj, 
y = ymisin 1, 
t2 = ym2cos ¢2, 
y2 = ym2sin do, 


and then use the cosine law to find the magnitude of the resultant. 
The phase angle can be found from the arcsine of the opposite over the hypotenuse. 


E18-22 (a) The diagrams for all times except t = 15ms should show two distinct pulses, first 
moving closer together, then moving farther apart. The pulses don not flip over when passing each 
other. The t = 15ms diagram, however, should simply be a flat line. 


E18-23 Use a program such as Maple or Mathematica to plot this. 


E18-24 Use a program such as Maple or Mathematica to plot this. 


E18-25| (a) The wave speed can be found from Eq. 18-19; we need to know the linear mass 
density, which is up = m/L = (0.122 kg) /(8.36 m) = 0.0146 kel The wave speed is then given by 


(96.7N) 
= = 81.4m/s. 
oes 'E =a @vimigm) 


(b) The longest possible standing wave will be twice the length of the string; so \ = 2L = 16.7m. 
(c) The frequency of the wave is found from Eq. 18-13, v = fA. 


v _ (81.4m/s) 
(16.7m) 


f= = 4.87 Hz 


E18-26 (a) v = \/(152N)/(7.16x10-*kg/m) = 146 m/s. 
(b) \ = (2/3)(0.894m) = 0.596 m. 
(c) f =v/A = (146 m/s) /(0.596 m) = 245 Hz. 


E18-27 (a) y= —3.9 cm. 
(b) y = (0.15 m) sin[(0.79 rad/m)ax + (13 rad/s)t]. 
(c) y = 2(0.15 m) sin[(0.79 rad/m) (2.3 m)] cos[(13 rad/s)(0.16s)] = —0.14m. 


E18-28 (a) The amplitude is half of 0.520 cm, or 2.60mm. The speed is 
= (187 rad/s)/(1.14 rad/cm) = 1.20m/s. 


(b) The nodes are (zrad)/(1.14 rad/cm) = 2.76 cm apart. 
(c) The velocity of a particle on the string at position x and time t is the derivative of the wave 
equation with respect to time, or 


Uy = —(0.520 cm)(137 rad/s) sin[(1.14 rad/cm)(1.47 cm)] sin[(137 rad/s) (1.36 s)] = —0.582 m/s. 
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E18-29| (a) We are given the wave frequency and the wave-speed, the wavelength is found from 
Eq. 18-13, 


uv (388m/s) 
=— = ——_— = 0.624 
= 5 eeay 
The standing wave has four loops, so from Eq. 18-45 
624 
L=n4 = Oe aD sen 


is the length of the string. 
(b) We can just write it down, 


y = (1.90 mm) sin[(27/0.624 m)a] cos[(27622 s~')t]. 


E18-30 (a) fy = nv/2L = (1)(250 m/s) /2(0.150 m) = 833 Hz. 
(b) \ = v/f = (348m/s) /(833 Hz) = 0.418 m. 


E18-31 v= /F/p=/FL/m. Then f, = nv/2L = n/F/4mL, so 


fi = (1) (236 N) /4(0.107 kg) (9.88 m)7.47 Hz, 


and fy = 2f; = 14.9 Hz while fs = 3f, = 22.4 Hz. 


E18-32 (a) v= /F/u = \/FL/m = \/22N)(48m)/(8.62 x 10kg) = 145 m/s. 
(b) Ay = 2(1.48 m) = 2.96 m; Ag = 1.48 m. 
(c) fy = (145 m/s) /(2.96m) = 49.0 Hz: fy = (145 m/s) /(1.48m) = 98.0 Hz. 


E18-33| Although the tied end of the string forces it to be a node, the fact that the other end 
is loose means that it should be an anti-node. The discussion of Section 18-10 indicated that the 
spacing between nodes is always \/2. Since anti-nodes occur between nodes, we can expect that the 
distance between a node and the nearest anti-node is \/4. 

The longest possible wavelength will have one node at the tied end, an anti-node at the loose 
end, and no other nodes or anti-nodes. In this case \/4 = 120 cm, or A = 480 cm. 

The next longest wavelength will have a node somewhere in the middle region of the string. But 
this means that there must be an anti-node between this new node and the node at the tied end 
of the string. Moving from left to right, we then have an anti-node at the loose end, a node, and 
anti-node, and finally a node at the tied end. There are four points, each separated by 4/4, so the 
wavelength would be given by 3\/4 = 120 cm, or \ = 160 cm. 

To progress to the next wavelength we will add another node, and another anti-node. This will 
add another two lengths of \/4 that need to be fit onto the string; hence 5\/4 = 120 cm, or A = 100 
cm. 

In the figure below we have sketched the first three standing waves. 
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E18-34 (a) Note that f, = nfi. Then fn41 — fn = fi. Since there is no resonant frequency 
between these two then they must differ by 1, and consequently f,; = (420 Hz) — (315 Hz) = 105 Hz. 
(b) v = fA = (105 Hz)[2(0.756 m)] = 159 m/s. 


P18-1 (a) \=v/f and k = 360°/,. Then 
x = (55°)\/(360°) = 55(353 m/s) /360(493 Hz) = 0.109 m. 


(b) w = 360° f, so 
b = wt = (360°)(493 Hz)(1.12x10~%s) = 199°. 


P18-2 w= (27 rad)(548 Hz) = 3440 rad/s; \ = v/f and then 
k, = (2m rad) /[(326 m/s)/(548 Hz)] = 10.6 rad/m. 


Finally, y = (1.12 x 10~?m) sin[(10.6 rad/m)a + (3440 rad/s)¢}. 


P18-3| (a) This problem really isn’t as bad as it might look. The tensile stress S is tension per 
unit cross sectional area, so 


F 
S= Toa F=SA. 


We already know that linear mass density is 4 = m/L, where L is the length of the wire. Substituting 


into Eq. 18-19, 
v= 
iP - (aia AL) 


But AL is the volume of the wire, so the denominator is just the mass density p. 
(b) The maximum speed of the transverse wave will be 


20 x 10° P 
v= Cl = = 300 m/s. 
(7800 kg/m? 


P18-4 (a) f =w/2m = (4.08 rad/s) /(2a rad) = 0.649 Hz. 
(b) \=v/f = (0.826 m/s) /(0.649 Hz) = 1.27m. 
(c) & = (2m rad)/(1.27m) = 4.95 rad/m, so 


y = (5.12 cm) sin[(4.95 rad/ma — (4.08 rad/s)t + ¢], 
where ¢ is determined by (4.95 rad/m)(9.60 x 10~?m) + ¢ = (1.16 rad), or ¢ = 0.685 rad. 
(d) F = pv? = (0.386 kg/m) (0.826 m/s)? = 0.263 m/s. 
P18-5 We want to show that dy/dz = u,/v. The easy way, although not mathematically rigorous: 


dy  dydt dydt 1 wy 
de dxdt dtdx  %v a 


P18-6 The maximum value for u, occurs when the cosine function in Eq. 18-14 returns unity. 
Consequently, Un/Ym = w. 
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P18-7| (a) The linear mass density changes as the rubber band is stretched! In this case, 


m 
L+AL 
The tension in the rubber band is given by F = kKAL. Substituting this into Eq. 18-19, 


_ [F _ [kAL(E+ AT) 


(b) We want to know the time it will take to travel the length of the rubber band, so 


L+AL L+AL 
v= ; or t = ————_.. 


L= 


UV 


Into this we will substitute our expression for wave speed 


m _  fm(L+ AL) 
tS er Sls) ERE BAL) < V- GAE 


We have to possibilities to consider: either AL < L or AL > L. In either case we are only 
interested in the part of the expression with L + AL; whichever term is much larger than the other 
will be the only significant part. 

Then if AL < L we get L+ AL = L and 


m(L + AL) mL 


i= kKAL KAL’ 


so that t is proportional to 1//AL. 
But if AL > L we get L+ AL AL and 


eee (L+ AL) _ mAL — /m 
kAL 


P18-8 (a) The tension in the rope at some point is a function of the weight of the cable beneath 
it. If the bottom of the rope is y = 0, then the weight beneath some point y is W = y(m/L)g. The 
speed of the wave at that point is v = /T/(m/L) = \/y(M/L)g/(m/L) = Gy. 

(b) dy/dt = \/gy, so 


so that t is constant. 


d 
de ees 
7 
L 
d 
t = | 9G 
0 gy 


(c) No. 
P18-9 (a) M= f pdz, so 
L 
m= f ka dx = 1D. 
0 2 


Then k = 2M/L?. 


(b) v= /F/p= VF /kz, then 
Vkax/F dz, 
a J2M/FL2/a dx = = 2M [PIAL = /8ML/9F. 
0) 
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P18-10 ‘Take acue from pressure and surface tension. In the rotating non-inertial reference frame 
for which the hoop appears to be at rest there is an effective force per unit length acting to push on 
each part of the loop directly away from the center. This force per unit length has magnitude 
AF v? vy? 
AL (Am/AL)— Talla 
There must be a tension T in the string to hold the loop together. Imagine the loop to be replaced 
with two semicircular loops. Each semicircular loop has a diameter part; the force tending to pull 
off the diameter section is (AF/AL)2r = 2uv?. There are two connections to the diameter section, 
so the tension in the string must be half the force on the diameter section, or T = piv?. 
The wave speed is vw = ./T/u = v. 
Note that the wave on the string can travel in either direction relative to an inertial observer. 
One wave will appear to be fixed in space; the other will move around the string with twice the 
speed of the string. 


P18-11]| If we assume that Handel wanted his violins to play in tune with the other instruments 
then all we need to do is find an instrument from Handel’s time that will accurately keep pitch over 
a period of several hundred years. Most instruments won’t keep pitch for even a few days because of 
temperature and humidity changes; some (like the piccolo?) can’t even play in tune for more than 
a few notes! But if someone found a tuning fork... 

Since the length of the string doesn’t change, and we are using a string with the same mass 
density, the only choice is to change the tension. But f « v x VT, so the percentage change in the 
tension of the string is 


T;-T;, _ fr?— fi? _ (440 Hz)? — (422.5 Hz)? 


T; f2. (422.5 Hz)? =a 


P18-12 


P18-13 (a) The point sources emit spherical waves; the solution to the appropriate wave equation 
is found in Ex. 18-14: 


A 
Ys = — sin(kr; — wt). 
M% 


If r; is sufficiently large compared to A, and r; ¥ re, then let r, = r — 6r and rg = r — Or; 


with an error of order (dr/r)?. So ignore it. 


Then 
A... : 
yity. ~~ —([sin(kr; — wt) + sin(kre —wt)], 

r 

2 k 

= —sin(kr — wt) cos =(r1 — 12), 
ss 2 
2A k 
Ym = —cos=(ri — 12). 
r 2 


(b) A maximum (minimum) occurs when the operand of the cosine, k(r1 — r2)/2 is an integer 
multiple of a (a half odd-integer multiple of 7) 
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P18-14 The direct wave travels a distance d from S' to D. The wave which reflects off the original 
layer travels a distance Vd? + 4H? between S and D. The wave which reflects off the layer after 
it has risen a distance fh travels a distance ,/d? + 4(H +h)?. Waves will interfere constructively if 
there is a difference of an integer number of wavelengths between the two path lengths. In other 


words originally we have 
Vd? + 4H? —d=nz,, 


and later we have destructive interference so 


Jd? +4(H +h)? —d=(n+1/2)d. 


We don’t know n, but we can subtract the top equation from the bottom and get 
Vd? + 4(H + h)? — Vd? + 4H? = X/2 


P18-15| The wavelength is 


= v/f = (3.00 x10°m/s)/(13.0 x 10°Hz) = 23.1 m. 


The direct wave travels a distance d from S to D. The wave which reflects off the original layer 
travels a distance Vd? + 4H? between S and D. The wave which reflects off the layer one minute 
later travels a distance ,/d? + 4(H + h)?. Waves will interfere constructively if there is a difference 
of an integer number of wavelengths between the two path lengths. In other words originally we 


have 
Vd? + 4H? -—d=n,), 
and then one minute later we have 
Vd? +4(H +h)? —d=np2i. 


We don’t know either n; or nz, but we do know the difference is 6, so we can subtract the top 
equation from the bottom and get 


Ja? +4(H +h)? — Vd? + 4H? = 6 


We could use that expression as written, do some really obnoxious algebra, and then get the 
answer. But we don’t want to; we want to take advantage of the fact that h is small compared to d 
and H. Then the first term can be written as 


@+A(H+hy? = Vd?+4H?+8Hh + 4h?2, 
ww ./d2+4H2 + 8Hh, 


8H 


mw s/d2+4H2,/1+ ——_h 
+ 4 4H : 
1 8H 
Be See i ee SF, | 
(43a ) 


Between the second and the third lines we factored out d? + 4H?; that last line is from the binomial 
expansion theorem. We put this into the previous expression, and 


Ji +4(H +h)? -—/d?+4H? = 6A, 
4H 
Vd? + 4H? (: + arnt —~Vd?+4H? = 6A, 
4H 


Vesa ~ 
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Now what were we doing? We were trying to find the speed at which the layer is moving. We know 
Hf, d, and 4; we can then find h, 


6(23.1m) 
h= et) _ /(230x108m)? + 4(510x10°m)? = 71.0m. 
H610x108m) V | a en a - 


The layer is then moving at v = (71.0m)/(60s) = 1.18 m/s. 


P18-16 The equation of the standing wave is 
y = 2ym sin ka cos wt. 
The transverse speed of a point on the string is the derivative of this, or 
Uy = —2ymw sin kx sin wt, 
this has a maximum value when wt — 7/2 is a integer multiple of 7. The maximum value is 
Um = 2Ymw sin ka. 
Each mass element on the string dm then has a maximum kinetic energy 
dK y = (dm/2)um? = Ym7w? sin? kx dm. 
Using dm = pda, and integrating over one loop from kx = 0 to kx = 7, we get 


Kin = Ym2w" p/2k = Wr? yn? f pv. 


P18-17 (a) For 100% reflection the amplitudes of the incident and reflected wave are equal, or 
A; = A,, which puts a zero in the denominator of the equation for SWR. If there is no reflection, 
A, = 0 leaving the expression for SWR, to reduce to A;/A; = 1. 

(b) P,./P; = A2/A?. Do the algebra: 


A, + A, 


Eo = wR 
A;+A, = SWR(A;— 4,), 
A-(SWR+1) = A,(SWR-1), 
A,/Ai = (SWR-1)/(SWR +1). 


Square this, and multiply by 100. 


P18-18 Measure with a ruler; I get 2Amax = 1.1 cm and 2Amin = 0.5 cm. 
(a) SWR = (1.1/0.5) = 2.2 
(b) (2.2 — 1)?/(2.2+1)? = 0.14%. 


P18-19| (a) Call the three waves 


yy = Asink (a — v,6), 
ys = Bsinko(ax — vot), 
Yr = Csinks(x+4+ v;t), 


where the subscripts i, t, and r refer to the incident, transmitted, and reflected waves respectively. 
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Apply the principle of superposition. Just to the left of the knot the wave has amplitude y; + y; 
while just to the right of the knot the wave has amplitude y,. These two amplitudes must line up 
at the knot for all times t, or the knot will come undone. Remember the knot is at « = 0, so 


Vi ae Ye = Yt 
A sin ky (—v1t) + C sin ki (+v,t) Bsin kg(—vot), 
—Asink,vyt + Csin ky uit = —Bsin kgvat 


I 


We know that k,v,; = kov2q = w, so the three sin functions are all equivalent, and can be canceled. 
This leaves A= B+C. 

(b) We need to match more than the displacement, we need to match the slope just on either 
side of the knot. In that case we need to take the derivative of 


Yit Yr =U 


with respect to x, and then set x = 0. First we take the derivative, 


d d 
rn (Yityr) = ae (yt) » 
kA cos ky (a — vyt) + kyC cosky(a+u,t) = keBcosko(x — vet), 
and then we set x = 0 and simplify, 
ky Acos ky(—vit) + kyCcosk(+uit) = k2Bcosko(—vet), 
ky Acoskjvit+kiCcoskjyjt = keBcoskevat. 
This last expression simplifies like the one in part (a) to give 
ky (A+ C)=ko.B 
We can combine this with A = B+C to solve for C, 
k(A+C) = k(A-O), 
C(ki +ke) = A(ke—k1), 
ko — ky 
C=z A ‘ 
ky + ko 


If kg < k, C will be negative; this means the reflected wave will be inverted. 
P18-20 
P18-21 Find the wavelength from 
X = 2(0.924 m) /4 = 0.462 m. 
Find the wavespeed from 
v = fX = (60.0 Hz) (0.462 m) = 27.7m/s. 
Find the tension from 


F = pv? = (0.0442 kg)(27.7 m/s)” /(0.924 m) = 36.7N. 
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P18-22 (a) The frequency of vibration f is the same for both the aluminum and steel wires; they 
don not, however, need to vibrate in the same mode. The speed of waves in the aluminum is vj, 
that in the steel is v2. The aluminum vibrates in a mode given by n1 = 2L1f/v, the steel vibrates 
in a mode given by ng = 2L2f/v2. Both n1 and nz need be integers, so the ratio must be a rational 
fraction. Note that the ratio is independent of f, so that LZ, and Lz must be chosen correctly for 
this problem to work at all! 


This ratio is 
na _ Lo [pz — (0.866m) /(7800kg/m3) _ yao e 
my  L,\ p1 (0.600m) \) (2600kg/m3) 2 


Note that since the wires have the same tension and the same cross sectional area it is acceptable 
to use the volume density instead of the linear density in the problem. 
The smallest integer solution is then nj = 2 and ng = 5. The frequency of vibration is then 


f nv ny T (2) (10.0 kg) (9.81 m/s?) 393 H 
— — — => Z. 
22, 22, \ piA  2(0.600m) \) (2600 kg/m*)(1.00 x 10-®m?) 
(b) There are three nodes in the aluminum and six in the steel. But one of those nodes is shared, 
and two are on the ends of the wire. The answer is then six. 
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E19-1 (a) v= fA = (25 Hz)(0.24m) = 6.0m/s. 
(b) k = (2a rad) /(0.24m) = 26 rad/m; w = (27 rad)(25 Hz) = 160 rad/s. The wave equation is 


s = (3.0x 103m) sin[(26 rad/m)zx + (160 rad/s)¢] 


E19-2 (a) [AP|m = 1.48Pa. 
(b) f = (3347 rad/s)/(2a rad) = 167 Hz. 
(c) A = (2m rad)/(1.077 rad/m) = 1.87m. 
(d) v = (167 Hz)(1.87 m) = 312 m/s. 


E19-3]| (a) The wavelength is given by \ = v/f = (343 m/s)/(4.50 x 10°Hz = 7.62 x 107°m. 
(b) The wavelength is given by \ = v/f = (1500 m/s) /(4.50 x 10°Hz = 3.33 x 1074m. 


E19-4 Note: There is a typo; the mean free path should have been measured in “jm” instead of 
Aen = LOX 107 me fae = (343 m/s)/ (10X10 8m) = 34x 10° Hz: 

E19-5 (a) \ = (240m/s) /(4.2x10°Hz) = 5.7x 10-8. 

E19-6 (a) The speed of sound is 


v = (331 m/s)(6.21 x 10~* mi/m) = 0.206 mi/s. 


In five seconds the sound travels (0.206 mi/s)(5.0s) = 1.03 mi, which is 3% too large. 
(b) Count seconds and divide by 3. 


E19-7| Marching at 120 paces per minute means that you move a foot every half a second. The 
soldiers in the back are moving the wrong foot, which means they are moving the correct foot half 
a second later than they should. If the speed of sound is 343 m/s, then the column of soldiers must 
be (343 m/s)(0.5s) = 172m long. 


E19-8 It takes (300 m)/(343 m/s) = 0.87s for the concert goer to hear the music after it has passed 
the microphone. It takes (5.0x10°m) /(3.0x10°m/s) = 0.017s for the radio listener to hear the music 
after it has passed the microphone. The radio listener hears the music first, 0.85 s before the concert 
goer. 


E19-9 «/vp =tp and z/vsg = tg; subtracting and rearranging, 
x = At/[1/vg — 1/vp] = (1808s) /[1/(4.5 km/s) — 1/(8.2 km/s)] = 1800 km. 
E19-10 Use Eq. 19-8, 5 = [Ap]m/kB, and Eq. 19-14, v = \/B/po. Then 
[Ap]m = kKBsp = kv? posm = 2a fvposm. 


Insert into Eq. 19-18, and 
I= 2 pvf* sy”. 


E19-11]| If the source emits equally in all directions the intensity at a distance r is given by the 
average power divided by the surface area of a sphere of radius r centered on the source. 
The power output of the source can then be found from 


P=IA=I(4nrr’) = (197x107 °W/m?)47(42.5 m)? = 4.47 W. 
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EF19-12 Use the results of Exercise 19-10. 


zs (1.13 x 10-6W/m2) : : 


E19-13 U = IAt = (1.60x10-2W/m?)(4.70 x 10-4m2) (3600s) = 2.71 x 10-2W. 


F19-14 Invert Eq. 19-21: 
Fy 10 EG, 


E19-15| (a) Relative sound level is given by Eq. 19-21, 


i eee 
SL, — SL2 = 10log = or a = Ger eae, 
2 2 


so if ASL = 30 then I,/Iz = 10°°/1° = 1000. 
(b) Intensity is proportional to pressure amplitude squared according to Eq. 19-19; so 


Apmi/Apm2 = Vi1/Iz = V1000 = 32. 


E19-16 We know where her ears hurt, so we know the intensity at that point. The power output 
is then 
P = 4r(1.3m)?(1.0 W/m?) = 21W. 
This is less than the advertised power. 
E19-17 Use the results of Exercise 18-18, J = wv. The intensity is 
I = (5200 W)/47(4820 m)? = 1.78x 10-°W/m?, 
so the energy density is 


u=I/v = (1.78x107°W/m?) /(343 m/s) = 5.19 10783 /m?. 


E19-18 J) = 2h, since I « 1/r? then r? = 2r3. Then 


D = ¥V2(D-51.4m), 
D(V2-1) = V2(51.4m), 
D = 176m. 


E19-19| The sound level is given by Eq. 19-20, 


I 
SL =10log in 
0 


where J is the threshold intensity of 10~!* W/m?. Intensity is given by Eq. 19-19, 


= (Apm)? 
2pv 
If we assume the maximum possible pressure amplitude is equal to one atmosphere, then 
Apm)? 1.01 x 10°Pa)? 
pene ee) = 1.22 107W/m?. 


2pv——-2(1.21 kg/m*)(343 m/s) 
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The sound level would then be 


1.22 x 107W/m? 


=~ = 191 dB 
(10-12 W/m”) 


I 
SL = 10log — = 10log 
Io 
E19-20 Let one person speak with an intensity [;. N people would have an intensity NJ,. The 
ratio is N, so by inverting Eq. 19-21, 
N = 10(54B)/10 — 37 6, 


so 32 people would be required. 


E19-21 Let one leaf rustle with an intensity I;. N leaves would have an intensity NJI,. The ratio 
is N, so by Eq. 19-21, 
SLyn = (8.4 dB) + 10 log(2.71 x 10°) = 63 dB. 


E19-22 Ignoring the finite time means that we can assume the sound waves travels vertically, 
which considerably simplifies the algebra. 
The intensity ratio can be found by inverting Eq. 19-21, 


I, [Iz = 10048)/10 — 1000. 
But intensity is proportional to the inverse distance squared, so [,/Iz = (r2/71)?, or 


ra = (115 m)/(1000) = 3640 m. 


E£19-23| A minimum will be heard at the detector if the path length difference between the 
straight path and the path through the curved tube is half of a wavelength. Both paths involve a 
straight section from the source to the start of the curved tube, and then from the end of the curved 
tube to the detector. Since it is the path difference that matters, we'll only focus on the part of 
the path between the start of the curved tube and the end of the curved tube. The length of the 
straight path is one diameter, or 2r. The length of the curved tube is half a circumference, or mr. 
The difference is (7 — 2)r. This difference is equal to half a wavelength, so 


(r—-2)r = 2/2, 


n (42.0 cm) 
ros poss = 184. 


E19-24 ‘The path length difference here is 


/ (3.75 m)2 + (2.12m)? — (3.75m) = 0.5578 m. 


(a) A minimum will occur if this is equal to a half integer number of wavelengths, or (n—1/2) = 
0.5578 m. This will occur when 


f=(n—-1/2) — = (n —1/2)(615 Hz). 


(b) A maximum will occur if this is equal to an integer number of wavelengths, or n\ = 0.5578 m. 
This will occur when 
(343 m/s) 


f= "(0.5578 m) = n(615 Hz). 
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E19-25 The path length difference here is 


/ (24.4m + 6.10 m)? + (15.2 m)? — \/(24.4m)? + (15.2m)? = 5.33 m. 


A maximum will occur if this is equal to an integer number of wavelengths, or n\ = 5.33m. This 
will occur when 
f = n(343 m/s) /(5.33 m) = n(64.4 Hz) 


The two lowest frequencies are then 64.4 Hz and 129 Hz. 


E19-26 The wavelength is \ = (343 m/s) /(300 Hz) = 1.143 m. This means that the sound maxima 
will be half of this, or 0.572m apart. Directly in the center the path length difference is zero, but 
since the waves are out of phase, this will be a minimum. The maxima should be located on either 
side of this, a distance (0.572 m)/2 = 0.286 m from the center. There will then be maxima located 
each 0.572 m farther along. 


E19-27 (a) fi =v/2L and fo = v/2(L— AL). Then 


be fie PoAL ag. AU 
ae ee an 


or AL = L(1—1/r). 
(b) The answers are AL = (0.80m)(1 — 5/6) = 0.1833m; AL = (0.80m)(1 — 4/5) = 0.160m; 
AL = (0.80m)(1 — 3/4) = 0.200 m; and AL = (0.80 m)(1 — 2/3) = 0.267m. 


E19-28 ‘The wavelength is twice the distance between the nodes in this case, so \ = 7.68 cm. The 
frequency is 
f = (1520 m/s) /(7.68 x 10-?m) = 1.98 x 10*Hz. 


E19-29| The well is a tube open at one end and closed at the other; Eq. 19-28 describes the 
allowed frequencies of the resonant modes. The lowest frequency is when n = 1, so f; = v/4L. We 
know f/f; to find the depth of the well, L, we need to know the speed of sound. 

We should use the information provided, instead of looking up the speed of sound, because maybe 
the well is filled with some kind of strange gas. 


Then, from Eq. 19-14, 
(1.41 x 10° - 
= = 341 3. 
= 2 - [4 1.21 ke/m3 ne 


The depth of the well is then 


L =v/(4f,) = (341 m/s) /[4(7.20 Hz)] = 11.8 m. 
E19-30 (a) The resonant frequencies of the pipe are given by f, = nv/2L, or 
fn = n(343 m/s) /2(0.457 m) = n(375 Hz). 


The lowest frequency in the specified range is fg = 1130 Hz; the other allowed frequencies in the 
specified range are f4 = 1500 Hz, and fs; = 1880 Hz. 
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E19-31|} The maximum reflected frequencies will be the ones that undergo constructive inter- 
ference, which means the path length difference will be an integer multiple of a wavelength. A 
wavefront will strike a terrace wall and part will reflect, the other part will travel on to the next 
terrace, and then reflect. Since part of the wave had to travel to the next terrace and back, the path 
length difference will be 2 x 0.914m = 1.83 m. 

If the speed of sound is v = 343m/s, the lowest frequency wave which undergoes constructive 
interference will be 


Any integer multiple of this frequency will also undergo constructive interference, and will also be 
heard. The ear and brain, however, will most likely interpret the complex mix of frequencies as a 
single tone of frequency 187 Hz. 


E19-32 Assume there is no frequency between these two that is amplified. Then one of these 
frequencies is f, = nv/2L, and the other is fn4i = (n+ 1)v/2L. Subtracting the larger from the 
smaller, Af = v/2L, or 


L=v/2Af = (343 m/s)/2(138 Hz — 135 Hz) = 57.2m. 


E19-33 (a) v =2Lf = 2(0.22m)(920 Hz) = 405 m/s. 
(b) F = v2: = (405 m/s)?(820 x 10-%kg) /(0.220m) = 611 N. 


E19-34 f«v,andu«x VF, so f x VF. Doubling f requires F increase by a factor of 4. 


E19-35| The speed of a wave on the string is the same, regardless of where you put your finger, 
so fA is a constant. The string will vibrate (mostly) in the lowest harmonic, so that \ = 2L, where 
L is the length of the part of the string that is allowed to vibrate. Then 


for2 = firs, 
2felg = 2fili, 
on (440 Hz) _ 
LI» = Ty fo = (30 cm) (528 Hz) = 25 cm 


So you need to place your finger 5 cm from the end. 


E19-36 The open organ pipe has a length 
Lo = v/2f, = (343 m/s) /2(291 Hz) = 0.589 m. 


The second harmonic of the open pipe has frequency 2/1; this is the first overtone of the closed pipe, 
so the closed pipe has a length 


Le = (3)v/4(2f1) = (3)(343 m/s) /4(2)(291 Hz) = 0.442 m. 


E19-37| The unknown frequency is either 3 Hz higher or lower than the standard fork. A small 
piece of wax placed on the fork of this unknown frequency tuning fork will result in a lower frequency 
because f x ./k/m. If the beat frequency decreases then the two tuning forks are getting closer 
in frequency, so the frequency of the first tuning fork must be above the frequency of the standard 
fork. Hence, 387 Hz. 
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E19-38 If the string is too taut then the frequency is too high, or f = (440 + 4)Hz. Then 
T =1/f =1/(444 Hz) = 2.25x 1073s. 


E19-39 One of the tuning forks need to have a frequency 1 Hz different from another. Assume 
then one is at 501 Hz. The next fork can be played against the first or the second, so it could have 
a frequency of 503 Hz to pick up the 2 and 3 Hz beats. The next one needs to pick up the 5, 7, and 
8 Hz beats, and 508 Hz will do the trick. There are other choices. 


E19-40 $f =v/A= (5.5m/s)/(2.3m) = 2.39 Hz. Then 
f = f(vt vo)/v = (2.39 Hz) (5.5 m/s + 3.3m/s)/(5.5 m/s) = 3.8 Hz. 


E19-41|} We’ll use Eq. 19-44, since both the observer and the source are in motion. Then 


vivo _ (343 m/s) + (246 m/s) 
feig oY ae in/s)-4 A935) 


f=f = 17.4 kHzr 


F19-42 Solve Eq. 19-44 for vg; 
us = (v+ v0) f/f’ —v = (343 m/s + 2.63 m/s)(1602 Hz)/(1590 Hz) — (343 m/s) = 5.24m/s. 
E19-43 vg = (14.7 Rad/s)(0.712m) = 10.5 m/s. 
(a) The low frequency heard is 
f’ = (538 Hz)(343 m/s) /(343 m/s + 10.5 m/s) = 522 Hz. 
(a) The high frequency heard is 
f’ = (538 Hz)(343 m/s) /(343 m/s — 10.5 m/s) = 555 Hz. 


E19-44 Solve Eq. 19-44 for vg; 
vs =v—vf/f' = (343 m/s) — (343 m/s)(440 Hz) /(444 Hz) = 3.1m/s. 
F19-45 


E19-46 The approaching car “hears” 
(343 m/s) + (44.7 m/s) 
(343 m/s) — (0) 


This sound is reflected back at the same frequency, so the police car “hears” 


dei 167 ae 


fi=f = (148 Hz) 


U— Us 


; u+vo (343 m/s) + (0) 
= f—— = (167 H =192H 
PI gg SOU) ay of) = (AT ea) : 
E19-47 ‘The departing intruder “hears” 
_ 4, 3)— (0. ‘ 
f= poe = (28.3 kHz) (343 m/s) — (0.95 m/s) =5e oo itt, 
uU+ us 


(343 m/s) — (0) 
This sound is reflected back at the same frequency, so the alarm “hears” 


1 pU—VO | (343 m/s) + (0) 
f= I +us | eee) (343 m/s) + (0.95 m/s) 


The beat frequency is 28.3 kHz — 28.14 kHz = 160 Hz. 


= 28.14 kHz 


245 


E19-48 (a) f’ = (1000 Hz)(330 m/s)(330 m/s + 10.0 m/s) = 971 Hz. 
(b) f’ = (1000 Hz)(330 m/s)(330 m/s — 10.0 m/s) = 1030 Hz. 
(c) 1030 Hz — 971 Hz = 59 Hz. 


E19-49| (a) The frequency “heard” by the wall is 


= (343 m/s) + (0) 
v—vs aoe) (343 m/s) — (19.3 m/s) 


= 464 Hz 


(b) The wall then reflects a frequency of 464 Hz back to the trumpet player. Sticking with Eq. 
19-44, the source is now at rest while the observer moving, 


vtvo _ (464 Hz) (343 m/s) + (19.3 m/s) 


v—vs Chimay Oo. To 


f=f 


E19-50 The body part “hears” 
U+ UD 
fap 
v 
This sound is reflected back to the detector which then “hears” 


f'=f' U Sige 


Uv — Up U— Up 


Rearranging, 


af TAF 


ey pte 
so v © 2(1x1073m/s)/(1.3x 107°) ~ 1500 m/s. 


up/v = 


E19-51 The wall “hears” 


p3 (343 m/s) + (0) 


(343 m/s) — (8.58m/s) 


Vv + VO 
U— Us 


= 40.21 kHz 


= (39.2 kHz) 


This sound is reflected back at the same frequency, so the bat “hears” 


= (40.21 kHz) (343 m/s) + (8.58 m/s) 


——— = 41.2 kHz. 
bas (343 m/s) — (0) a 


P19-1 (a) tair = L/vair and tm = L/v, so the difference is 
At = L(1/vair — 1/v) 
(b) Rearrange the above result, and 


L = (0.1208) /[1/(343 m/s) — 1/(6420 m/s)] = 43.5 m. 


P19-2 The stone falls for a time t; where y = gt?/2 is the depth of the well. Note y is positive in 
this equation. The sound travels back in a time tg where v = y/tg is the speed of sound in the well. 
t; + t2 = 3.008, so 


2y = g(3.00s — tz)? = g[(9.00s) — (6.00s)y/v + y?/v?], 
or, using g = 9.81 m/s? and v = 343 m/s, 
y? — (2.555 x 10° m)y + (1.039 x 10’ m?) = 0, 


which has a positive solution y = 40.7m. 
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P19-3| (a) The intensity at 28.5m is found from the 1/r? dependence; 


Ty = I1(r1/r2)? = (962 pW /m?)(6.11 m/28.5 m)? = 44.2 pW/m?. 


(c) We’ll do this part first. The pressure amplitude is found from Eq. 19-19, 


Apm = VW 2pul = \/2(1.21 kg/m?) (343 m/s) (962 x 10-&W /m?) = 0.894 Pa. 
(b) The displacement amplitude is found from Eq. 19-8, 
$m = Apm/(kB), 


where k = 27 f/v is the wave number. From Eq. 19-14 w know that B = pv”, so 


ad it ~ 37(2090 roast ae 2 
P19-4 (a) If the intensities are equal, then Apm « \/pu, so 
[APralwater _ i (998kg/m°)(1482 m/s) _ 59 4 
[Apm] air (1.2kg/m*)(343 m/s) 
(b) If the pressure amplitudes are equal, then I xx 1/pv, so 
Ivatce __(1.2kg/m®)(343m/s) a9 yg 


Tair (998kg/m3)(1482 m/s) 


P19-5 The energy is dissipated on a cylindrical surface which grows in area as r, so the intensity is 
proportional to 1/r. The amplitude is proportional to the square root of the intensity, so 8m « 1/,/r. 


P19-6 (a) The first position corresponds to maximum destructive interference, so the waves are half 
a wavelength out of phase; the second position corresponds to maximum constructive interference, so 
the waves are in phase. Shifting the tube has in effect added half a wavelength to the path through 
B. But each segment is added, so 


A = (2)(2)(1.65 cm) = 6.60 cm, 


and f = (343 m/s)/(6.60 cm) = 5200 Hz. 
(b) Imin & (81—82)”, Imax & (81+582)?, then dividing one expression by the other and rearranging 
we find 


$1 _ VImax + VImin _ V90 + V10 _ 
§2 7 4a Laas a 4 Dena V90 _ V10 


P19-7 (a) I = P/4mr? = (31.6 W) /4 (194m)? = 6.68 x 10-°W/m?. 
(b) P = IA = (6.68x 10-5W/m?)(75.2 x 10-6m2) = 5.02 10-9W. 
(c) U = Pt = (5.02 10-9W)(25.0 min)(60.0 s/min) = 7.53 J. 


P19-8 Note that the reverberation time is logarithmically related to the intensity, but linearly 
related to the sound level. As such, the reverberation time is the amount of time for the sound level 


to decrease by 
ASL = 10log(10~°) = 60 dB. 


Then 
t = (87 dB)(2.6 s)/(60 dB) = 3.8s 
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P19-9| What the device is doing is taking all of the energy which strikes a large surface area and 
concentrating it into a small surface area. It doesn’t succeed; only 12% of the energy is concentrated. 
We can think, however, in terms of power: 12% of the average power which strikes the parabolic 
reflector is transmitted into the tube. 

If the sound intensity on the reflector is 1, then the average power is P,; = I, A, = I 1mT?, where 
r, is the radius of the reflector. The average power in the tube will be P; = 0.12P,, so the intensity 
in the tube will be 


P» 2 0.12 ar? 0.121 re 
t= 012% 


I — —= 
2 Ao nr 15 

Since the lowest audible sound has an intensity of Ig = 10~!2 W/m’, we can set Iz = Ip as the 
condition for “hearing” the whisperer through the apparatus. The minimum sound intensity at the 
parabolic reflector is 

Io re 


(a 
‘0.12 r2 


Now for the whisperers. Intensity falls off as 1/d?, where d is the distance from the source. We 
are told that when d = 1.0 m the sound level is 20 dB; this sound level has an intensity of 


I = Ip107°/ = 1001p 
Then at a distance d from the source the intensity must be 


(1m)? 


d? ~ 


I, = 100 


This would be the intensity “picked-up” by the parabolic reflector. Combining this with the condition 
for being able to hear the whisperers through the apparatus, we have 
(1m)? 

a2 


Io "2 
= 2 = 1007 
0.12 r2 . 


or, upon some rearranging, 


d= (V12 ee = (2m) = 346m 


P19-10 (a) A displacement node; at the center the particles have nowhere to go. 
(b) This systems acts like a pipe which is closed at one end. 


(c) v\/B/p, so 


T = 4(0.009)(6.96 x 108m) \/(1.0 x 10!kg /m3) /(1.33 x 1022Pa) = 22s. 


P19-11 The cork filing collect at pressure antinodes when standing waves are present, and the 
antinodes are each half a wavelength apart. Then v = fA = f(2d). 


P19-12 (a) f =v/4L = (343m/s)/4(1.18m) = 72.7 Hz. 
(b) F = pu? = pf?d?, or 


F = (9.57x 107 *kg/0.332 m)(72.7 Hz)?[2(0.332 m)]? = 67.1 N. 
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P19-13] In this problem the string is observed to resonate at 880 Hz and then again at 1320 Hz, 
so the two corresponding values of n must differ by 1. We can then write two equations 


(n+ l)v 


(880 Hz) = or and (1320 Hz) = “> 


and solve these for v. It is somewhat easier to first solve for n. Rearranging both equations, we get 


(880 Hz) at (1320 Hz) nee 
n 2L n+1 2L 


Combining these two equations we get 


(880 Hz) (1320 Hz) 
n - nt+1 ? 
(n+ 1)(880 Hz) = n(1320 Hz), 
fuels (880 Hz) = 


(1320 Hz) — (880 Hz) 
Now that we know n we can find v, 


(880 Hz) 


v = 2(0.300 m)-— 


= 264m/s 
And, finally, we are in a position to find the tension, since 


F = pv? = (0.652 x 107 *kg/m)(264 m/s)? = 45.4N. 


P19-14 (a) There are five choices for the first fork, and four for the second. That gives 20 pairs. 
But order doesn’t matter, so we need divide that by two to get a maximum of 10 possible beat 
frequencies. 

(b) If the forks are ordered to have equal differences (say, 400 Hz, 410 Hz, 420 Hz, 430 Hz, and 
440 Hz) then there will actually be only 4 beat frequencies. 


P19-15 v= (2.25x 10°m/s)/sin(58.0°) = 2.65 x 108m/s. 


P19-16 (a) fy = (442 Hz)(343 m/s) /(343 m/s — 31.3m/s) = 486 Hz, while 
fo = (442 Hz)(343 m/s) /(343 m/s + 31.3 m/s) = 405 Hz, 


so Af = 81 Hz. 
(b) f, = (442 Hz)(343 m/s — 31.3m/s)/(343 m/s) = 402 Hz, while 


fo = (442 Hz)(343 m/s + 31.3 m/s) /(343 m/s) = 482 Hz, 


so Af = 80 Hz. 


P19-17| The sonic boom that you hear is not from the sound given off by the plane when it is 
overhead, it is from the sound given off before the plane was overhead. So this problem isn’t as 
simple as distance equals velocity x time. It is very useful to sketch a picture. 
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We can find the angle @ from the figure, we'll get Eq. 19-45, so 
v  (330m/s) 


sind = — = 


—_—~ = 0. = 56.4° 
a G96 mi/S) 0.833 or 6 = 56 


Note that vu, is the speed of the source, not the speed of sound! 

Unfortunately t = 12s is not the time between when the sonic boom leaves the plane and when 
it arrives at the observer. It is the time between when the plane is overhead and when the sonic 
boom arrives at the observer. That’s why there are so many marks and variables on the figure. x1 
is the distance from where the sonic boom which is heard by the observer is emitted to the point 
directly overhead; x2 is the distance from the point which is directly overhead to the point where 
the plane is when the sonic boom is heard by the observer. We do have 22 = v.(12.0s). This length 
forms one side of a right triangle HSO, the opposite side of this triangle is the side HO, which is 
the height of the plane above the ground, so 


h = x2 tan @ = (343 m/s)(12.0s) tan(56.4°) = 7150 m. 


P19-18 (a) The target “hears” 


, 2gutV 
f' = f.-—. 
This sound is reflected back to the detector which then “hears” 
ge OU eV EV 
fe =f’ = fe 


(b) Rearranging, 

fr—-fs = 1S eat 

frt+fs 2 fs ’ 

where we have assumed that the source frequency and the reflected frequency are almost identical, 
so that when added f, + fs © 2fs. 


Vjv= 


P19-19| (a) We apply Eq. 19-44 


v+vo _ (1030 Hz) (5470 km/h) + (94.6 km/h) 


v—vs (5470 km/h) — (20.2 km/hy ~ 10° #2 


fl=f 
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(b) The reflected signal has a frequency equal to that of the signal received by the second sub 
originally. Applying Eq. 19-44 again, 


= (1050 Hz) (5470 km/h) + (20.2 km/h) 


= 1070 H 
v—vs (5470 km/h) — (94.6 km/h) ‘ 


P19-20 In this case vg = 75.2 km/h — 30.5 km/h = 12.4m/s. Then 


f’ = (989 Hz) (1482 m/s) (1482 m/s — 12.4m/s) = 997 Hz. 


P19-21 There is no relative motion between the source and observer, so there is no frequency shift 
regardless of the wind direction. 


P19-22 (a) vg = 34.2m/s and vo = 34.2 m/s, so 
f’ = (525 Hz)(343 m/s + 34.2 m/s)/(343 m/s — 34.2 m/s) = 641 Hz. 
(b) ug = 34.2m/s+ 15.3m/s = 49.5m/s and vo = 34.2m/s — 15.3m/s = 18.9m/s, so 
f’ = (525 Hz)(343 m/s + 18.9 m/s)/(343 m/s — 49.5 m/s) = 647 Hz. 
(c) ug = 34.2m/s — 15.3m/s = 18.9m/s and vo = 34.2m/s+ 15.3m/s = 49.5 m/s, so 


f! = (525 Hz)(343 m/s + 49.5 m/s) /(343 m/s — 18.9 m/s) = 636 Hz. 
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E20-1 (a) t= 2/v = (0.20m)/(0.941)(3.00 x 108m/s) = 7.1x 1071s. 
(b) y = —gt?/2 = —(9.81 m/s?)(7.1 107 !9s)?/2 = 2.5x107-!8m. 


E20-2 L = Lo\/1—v2/2 = (2.86 m),/1 — (0.999987)2 = 1.46 cm. 
E20-3|] L = Lo/1—v2/e = (1.68 m)\/1 — (0.632)2 = 1.30m. 
E20-4 Solve At = Ato//1 — u?/c? for u: 


7 Aty\? _ Se fs (2.20 ps) \* 


E20-5| We can apply Ax = vAt to find the time the particle existed before it decayed. Then 


x (1.05 x 10-3 m) 


At= 
v (0.992)(3.00 x 108 m/s) 


= 3.53x107!s. 


The proper lifetime of the particle is 
Ato = Aty/1 — u2/c? = (3.53 x 107s) V/1 — (0.992)? = 4.46 x 107*3s. 


E20-6 Apply Eq. 20-12: 
(0.43c) + (0.587c) 


= = 0.812. 
VS T+ OARORSTeIe 


E20-7 (a) L = Lo/1— v2/e = (130m) ,/1 — (0.740)? = 87.4m 
(b) At = L/v = (87.4m)/(0.740)(3.00 x 108m/s) = 3.94 1077s. 


E20-8 At = Ato/\/1 — u?/c? = (26 ns)\/1 — (0.99)? = 184 ns. Then 
L = vAt = (0.99) (3.00 x 10°m/s)(184x 1079s) = 55m. 


E20-9 (a) vg = 2v = (7.914 7.91) km/s = 15.82 km/s. 
(b) A relativistic treatment yields v, = 2uv/(1 + v?/c?). The fractional error is 


== = 6.95x1077°. 
Ur 2 2 (3.00emniaye 


ae (: < =) i v2 (7.91 x 10°m/s)? 
C 
E20-10 Invert Eq. 20-15 to get 8 = /1 — 1/9”. 
(a) B= \/1—1/(.01)? = 0.140. 
(b) 6 = /1— 1/(10.0)? = 0.995. 
(c) @ = /1—1/(100)? = 0.99995. 
(d) B= 


d) 1 — 1/(1000)? = 0.9999995. 


| 
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E20-11 


The distance traveled by the particle is (6.0 y)c; the time required for the particle to 


travel this distance is 8.0 years. Then the speed of the particle is 


Ag (60y)ce_ De 
At (80y) 4- 


v0 = 


The speed parameter @ is given by 


E20-12 
/ 


av 
t! 


E20-13 


4 =1/./1 — (0.950)? = 3.20. Then 


= (3.20)[(1.00 x 10°m) — (0.950) (3.00 x 10°m/s) (2.00 x 10~*s)] = 1.38 x 10°m, 
(3.20)[(2.00 x 1074s) — (1.00 x 10°m) (0.950) /(3.00 x 108m/s)] = —3.73 x 1074s. 


(a) y = 1/,/1 — (0.380)? = 1.081. Then 
az’ = (1.081) 
t’ = (1.081)[ 


3.20 x 108m) — (0.380)(3.00 x 108m/s)(2.50s)] = 3.78 x 10m, 


( 
(2.50) — (3.20 108m)(0.380) /(3.00 x 108m/s)] = 2.26 s. 


(b) y =1/./1 — (0.380)? = 1.081. Then 


E20-15 


ve’ = (1.081) 
t’ = (1.081)[ 


3.20 x 10°m) — (—0.380)(3.00 x 10°m/s)(2.50s)] = 6.54 x 108m, 


( 
(2.50) — (3.20 108m) (—0.380) /(3.00 x 108m/s)] = 3.14s. 


(a) vi, = (—u)/(1 — 0) and wy, = c/1 — u? /c?. 


(b) (eh)? + ,)? =? +. Se. 


E20-16 


E20-17 


v’ = (0.787¢ + 0.612c)/{1 + (0.787)(0.612)] = 0.944e. 


(a) The first part is easy; we appear to be moving away from A at the same speed as A 


appears to be moving away from us: 0.347c. 
(b) Using the velocity transformation formula, Eq. 20-18, 


; Yeu __(0.347e) ~ (0.3470) _ 4 yg, 


°e ~ 1 ww,/e2 1 — (—0.347c)(0.3470)/c2 


The negative sign reflects the fact that these two velocities are in opposite directions. 


E20-18 


E20-19 


v! = (0.788¢ — 0.413c)/{1 + (0.788)(—0.413)] = 0.556c. 


(a) y=1/,/1— (0.8)? =5/3. 


y! os Ux = 3(0.8c) = ie 
eA udy/e?) ~ 5f1—(0)] 25” 
ho Vy — U = (0) = (0.8c) = 4 

a l—uvy/c2 1-(0) a 


Then v! = c\/(—4/5)? + (12/25)? = 0.933c directed 6 = arctan(—12/20) = 31° East of South. 
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(b) y= 1/./1— (0.8)? = 5/3. 


ee ee Vg—u __ (0)—(-0.8c) 4 
ee l—uvg/e2  1-(0) mae 

— vy _ 3(0.8e) _ 12 
"y= y(1 —uv,/c?) 51 — (0)] 25 


Then v! = c,/(4/5)? + (12/25)? = 0.933c directed 0 = arctan(20/12) = 59° West of North. 


E20-20 This exercise should occur in Section 20-9. 

a) v = 27(6.37 x 10°m)c/(1s) (3.00 x 108m/s) = 0.133c. 

b) K = (y—1me? = (1/s/1 — (0.133)? — 1)(511 keV) = 4.58 keV. 

c) K, = mv? /2 = mc?(v?/c?)/2 = (511 keV) (0.133)?/2 = 4.52 keV. The percent error is 


(4.52 — 4.58) /(4.58) = —1.31%. 


E20-21 AL=L’'—Lo so 


AL = 2(6.370 x 10°m)(1 — \/1 — (29.8 x 103m/s)?/(3.00 x 108m/s)?) = 6.29x107?m. 


E20-22 (a) AL/Lp =1-— L'/Lo so 


AL = (1— V/1 — (522 m/s)?/(3.00 x 108m/s)2) = 1.51 x 107?”. 


(b) We want to solve At — At’ = 1 ps, or 


Lys = At(1 —1/./1 — (522 m/s)2/(3.00 x 108m/s)?), 


which has solution At = 6.61 x 10°s. That’s 7.64 days. 


E20-23| The length of the ship as measured in the “certain” reference frame is 


L = LoV1 — v2/c2 = (358m) y/1 — (0.728)? = 245m. 


In a time At the ship will move a distance x7; = v, At while the micrometeorite will move a distance 
“2 = v2At; since they are moving toward each other then the micrometeorite will pass then ship 
when 71 + © = L. Then 


At = L/(v1 + v2) = (245 m) /[(0.728 + 0.817)(3.00 x 108m/s)| = 5.29x10~"s. 


This answer is the time measured in the “certain” reference frame. We can use Eq. 20-21 to find 
the time as measured on the ship, 


/ If pd =F 2 
veges At’ + uAa’/c (5.29 x 10~“s) + (0.728c)(116 m)/c ala peiery=es. 


/1 — u2/c? 1 — (0.728) 
E20-24 (a) y= 1//1— (0.622)? = 1.28. 


(b) At = (183 m)/(0.622) (3.00 x 10°m/s) = 9.81 x 10~"s. On the clock, however, 


At’ = At/y = (9.81 1077s) /(1.28) = 7.66 x 107s. 
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E20-25 (a) At = (26.0 ly)/(0.988) (1.00 ly/y) = 26.3 y. 
(b) The signal takes 26 years to return, so 26 + 26.3 = 52.3 years. 


(c) At! = (26.3 y)\/1 — (0.988)? = 4.06 y. 
E20-26 (a) y = (1000 y)(1 y) = 1000; 


v = evV/1— 1/7? & (1 — 1/277) = 0.9999995c 
(b) No. 


E20-27 (5.61 x 1029 MeV/c?)c/(3.00x 108m/s) = 1.87 102! MeV/c. 


E20-28 p* = m?c? = m?v?/(1 — v?/c?), so 2u?/c? = 1, or v = V2ce. 


E20-29| The magnitude of the momentum of a relativistic particle in terms of the magnitude of 
the velocity is given by Eq. 20-23, 


Mv 


= 
/1 — v?/c? 
The speed parameter, (3, is what we are looking for, so we need to rearrange the above expression 
for the quantity u/c. 


mu/c 


C= 
Pi /1 — v2 /c? 
p _ __mé 
c af = 2 
me . «~1= 
Pp Bp? 
m= 1/8 =1. 
Pp 
Rearranging, 
2 
_ = / 1/82 -1, 
pC 
me2\? —_ il 1 
pe wee 
& ae Al 
pe B 
pe 22 
mec! + pee =e 


(a) For the electron, 
(12.5 MeV/c)c 
V(0.511 MeV/c2)2c# + (12.5 MeV /c)2c2 


= 0.999. 


B= 


(b) For the proton, 


12.5 M 
b= ee eos = 0.0133. 


/ (938 MeV /c?)2c4 + (12.5 MeV/c)2c? 
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E20-30 K =mc?(y—1),so y=1+K/mce?. B= V/1-1/7?. 
(a) y= 1+ (1.0 keV) /(511 keV) = 1.00196. 6 = 0.0625c. 
(b) y= 14 (1.0 MeV)/(0.511 MeV) = 2.96. 6 = 0.94lc. 
(c) y=1+4 (1.0 GeV)/(0.511 MeV) = 1960. 6 = 0.99999987c. 


E20-31| The kinetic energy is given by Eq. 20-27, 


k= me’. 


JI-v/e 


We rearrange this to solve for 6 = u/c, 


so K = ymc? — mc? implies 


(a) For the electron, 


- (0.511 MeV/c?)c? a 
a= (; =) = 0.9988, 


10 MeV) + (0.511 MeV/2 
and 
(10 MeV) + (0.511 MeV/c?)c? 


- (0.511 MeV/e2)2 


(b) For the proton, 


= (938 MeV /c?)c2 
a \! (a MeV) + (938 soa = 0.0145, 


_ (10 MeV) + (938 MeV/c?)c? _ | 4, 
v (938 MeV /e2)e2 es 


and 


(b) For the alpha particle, 


= 4(938 MeV/c?) c? 2 7 
= i) a MeV) + 4(938 ee! = 0.73, 


__ (10 MeV) + 4(938 MeV /c?)c? 
a 4(938 MeV /c2)c2 


E20-32 y= 1/,/1 — (0.99)2 = 7.089. 


(a) E = ymc? = (7.089)(938.3 MeV) = 6650 MeV. K = E — mc? = 5710 MeV. p = mvy = 


and 
= 1.0027. 


— 


(938.3 MeV /c2)(0.99c)(7.089) = 6580 MeV/c. 
(b) E = ymc? = (7.089)(0.511 MeV) = 3.62 MeV. K = E — mc? = 3.11 MeV. p = mvy = 
(0.511 MeV/c2)(0.99c)(7.089) = 3.59 MeV/c. 
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E20-33 Am/At = (1.2x104!W)/(3.0x 108m/s)? = 1.33 1024kg/s, which is 


Am  (1.33x 1074kg/s)(3.16 x 10’s/y) 
= = 21.1 
At (1.99 x 103°kg /sun) 


E20-34 (a) If K = E—- mc? = 2mc’, then E = 3mc?, so y = 3, and 
v = eV/1— 1/7? = ev/1 —1/(3)? = 0.9438¢. 
(b) If FE = 2mc?, then y = 2, and 


v = eyV/1 — 1/7? = ev/1 — 1/(2)? = 0.866c. 


E20-35| (a) The kinetic energy is given by Eq. 20-27, 


2 
cea — me? = mec (a apy - 1) : 


ae 


We want to expand the 1 — 6? part for small /, 
= 1 3 
{os 62) 7 Se 2? oh. 
(1 — 87) ae tie 


Inserting this into the kinetic energy expression, 


1 3 
K= sme ame" Be Pikes 
But 3 = v/c, so 
ee re aye 
HS Gin’ ee fee 


(b) We want to know when the error because of neglecting the second (and higher) terms is 1%; 
or 


0.01 = 2m) /(gmv?) = ; (Os 


This will happen when v/c = \/(0.01)4/3) = 0.115. 


E20-36 K,. = (1000kg)(20m/s)?/2 = 2.0x10°J. The relativistic calculation is slightly harder: 


K, 


(1000 kg) (3 x 108m/s)?(1/./1 — (20 m/s)2/(3 x 108m/s)? — 1), 


2 


(1000 kg) 5 (20 m/s)? + 5 (20 m/s)*/(3x 108m/s)? + ‘| 


= 2.0x10°J+6.7x10719J. 


E20-37| Start with Eq. 20-34 in the form 


E? = (pe)? + (mce*)? 


The rest energy is mc?, and if the total energy is three times this then E = 3mc?, so 


(3me*)? = (pe)? + (me*)?, 
8(mce*)* = (pe)’, 
V8mc = p. 


E20-38 ‘The initial kinetic energy is 


K pa! 2u > 2mv? 
Pe Oe L+v2/e2) 9 (1+ 2/c?)?° 


The final kinetic energy is 
1 2 
Kz = 25m (v2 —v?/e?) = mv*(2 — v7 /c?). 


E20-39 ‘This exercise is much more involved than the previous one! 
The initial kinetic energy is 


2 
McC 
Kj — me’, 


vr _ (22) je 


mc?(1 + v?/c?) 5 
J (1 + v?/c?)? — 40? /c? 
m(c? + v2) m(c? — v?) 
1 —v?/c? 1—v?/c? ’ 
2 


I 


2mv 
1—v?/c?- 


The final kinetic energy is 


2 
fe. 2D ue 2me?, 


vr - (vY3= P72)" Je 


2 ’ 
Ai = (vu? /c?)(2 — v?/c?) 


= ee ome: 


mc? m(c? — v?) 
1—v?/e? 1—v?/c? ? 
2 


= 2 


2mv 
1— w/e" 


E20-40 For a particle with mass, y = K/mc? +1. For the electron, y = (0.40) /(0.511) +1 = 1.78. 
For the proton, y = (10)/(938) + 1 = 1.066. 
For the photon, pc = E. For a particle with mass, pe = \/(K + mc?)? — m2c#. For the electron, 


pe = \/[(0.40 MeV) + (0.511 MeV)]? — (0.511 MeV)? = 0.754 MeV. 


For the proton, 


pc = \/[(10 MeV) + (938 MeV)]? — (938 MeV)? = 137 MeV. 


a) Only photons move at the speed of light, so it is moving the fastest. 
b) The proton, since it has smallest value for y. 

c) The proton has the greatest momentum. 
d) The photon has the least. 


( 
( 
( 
( 
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E20-41| Work is change in energy, so 


W = me?/V/1 — (v¢/0)? — me? /s/1 — (v;/0)?. 


(a) Plug in the numbers, 


W = (0.511 MeV)(1/\/1 — (0.19)? — 1/./1 — (0.18)2) = 0.996 keV. 


(b) Plug in the numbers, 
W = (0.511 MeV)(1/1/1 — (0.99)? — 1/\/1 — (0.98)2) = 1.05 MeV. 
E20-42 EF = 2ymoc? = mc’, so 


m = 2ymo = 2(1.30 mg)/V/1 — (0.580)? = 3.19 mg. 


E20-43 (a) Energy conservation requires Ex, = 2E,, or myc? = 2ym,c?. Then 
y = (498 MeV)/2(140 MeV) = 1.78 


This corresponds to a speed of v = c\/1 — 1/(1.78)? = 0.827c. 
(b) 7 = (498 MeV + 325 MeV) /(498 MeV) = 1.65, so v = cy/1 — 1/(1.65)? = 0.795c. 
(c) The lab frame velocities are then 


, _ (0.795) + (—0.827) 
1 1+ (0.795) (—0.827) 


UV 


c = —0.0934e, 


and 
; (0.795) + (0.827) 


2 ~ T+ (0.795) (0.827) 


The corresponding kinetic energies are 


K, = (140 MeV)(1/1/1 — (—0.0934)? — 1) = 0.614 MeV 


VU 


c= 0.979c, 


and 


K, = (140 MeV)(1/,/1 — (0.979)? — 1) = 548 MeV 


P20-1 (a) y=2,sov=/1-1/(2)? = 0.866c. 
( 


P20-2 (a) Classically, v’ = (0.620c) + (0.470c) = 1.09c. Relativistically, 


,  (0.620c) + (0.470c) 
= = 0.844e. 
” T+ (0.620) (0.470) 


(b) Classically, v’ = (0.620c) + (—0.470c) = 0.150c. Relativistically, 


| (0.620c) + (—0.470c) 
- = 0.211e. 
° = T+ (0.620) (0.470) © 
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P20-3 (a) y= 1/,/1 — (0.247)? = 1.032. Use the equations from Table 20-2. 
At = (1.032)[(0) — (0.247)(30.4 x 103m) /(3.00 x 10°m/s)] = —2.58 x 107~° 
(b) The red flash appears to go first. 
P20-4 Once again, the “pico” should have been a wu. 
y = 1/\/1 — (0.60)? = 1.25. Use the equations from Table 20-2. 
At = (1.25)[(4.0x 107 °s) — (0.60)(3.0 x 102m) /(3.00 x 108m/s)] = —2.5x 107° 


P20-5| We can choose our coordinate system so that wu is directed along the x axis without any 
loss of generality. Then, according to Table 20-2, 

Az’ =  7(Azr—uAt), 

Ay’ = Ay, 

Az = Az, 

cAt') = y(cAt—uAz/c). 


Square these expressions, 
(Az’)? = 7?(Aa —uAt)? = 7 ((Az)? — 2u(Az)(At) + (At)?) , 
(Ay')? = (Ay)?, 
(Az')? = (Az)’, 
e(At)y? = 77(cAt—uAz/c)? = 7 (c?(At)? — 2u(At)(Az) + u?(Az)?/c’) . 
We'll add the first three equations and then subtract the fourth. The left hand side is the equal to 
(As’)? + (Ay')? + (A2!)? — (At), 
while the right hand side will equal 
7” ((Ax)? + u?(At)? — (At)? — u?/c*(Ax)’) + (Ay)? + (Az)’, 
which can be rearranged as 
9? (1 — u?/c?) (A 7? (u? — c?) (At)? + (Ay)? + (Az)?, 
a(- w/e) (A a (ay) (Az)? oy — w/e) (At)?. 
so the previous expression will simplify to 


(Ax)? + (Ay)? + (Az)? — *(At)’. 


But 


P20-6 (a) vz, = [(0.780c) + (0.240c)]/[1 + (0.240)(0.780)] = 0.859c. 
(b) ve = [(0) + (0.240c)]/[1 + (0)] = 0.240c, while 


Vy = (0.780c) V/1 — (0.240)2/[1 + (0)] = 0.757e. 


Then v = \/(0.240c)2 + (0.7570)? = 0.794e. 
(b) v!, = [(0) — (0.240c)]/{1 + (0)] = —0.240c, while 


= (0.780c) /1 — (0.240)2/[1 + (0)] = 0.757¢. 


Then v! = \/(—0.240c)? + (0.757¢)? = 0.794. 
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P20-7| If we look back at the boost equation we might notice that it looks very similar to the 
rule for the tangent of the sum of two angles. It is exactly the same as the rule for the hyperbolic 
tangent, 


tanh a, + tanhag 
tanh = ; 
moa G2) 1+ tanha, tanh ag 


This means that each boost of @ = 0.5 is the same as a “hyperbolic” rotation of a, where tanha, = 
0.5. We need only add these rotations together until we get to ag, where tanh as = 0.999. 

a¢ = 3.800, and ag = 0.5493. We can fit (3.800) /(0.5493) = 6.92 boosts, but we need an integral 
number, so there are seven boosts required. The final speed after these seven boosts will be 0.9991c. 


P20-8 (a) If Av’ =0, then Ax = wAt, or 
u = (730m) /(4.96 x 10~°s) = 1.472 108m/s = 0.491e. 


(b) y =1/,/1 — (0.491)? = 1.148, 


At’ = (1.148) [(4.96 x 107~®s) — (0.491)(730 m)/(3 x 10°)] = 4.32 x 107®s. 


P20-9 Since the maximum value for u is c, then the minimum At is 


At > (730m)/(3.00 x 10°m/s) = 2.43 10~°s. 


P20-10 (a) Yes. 
(b) The speed will be very close to the speed of light, consequently y ~ (23,000)/(30) = 766.7. 


Then 
v= f1—1/7?2 & 1 —- 1/27? = 1 — 1/2(766.7)" = 0.99999915¢. 


P20-11 (a) At’ = (5.00 ys)./1 — (0.6)? = 4.00 ps. 
(b) Note: it takes time for the reading on the S$’ clock to be seen by the S clock. In this case, 
At, + At, = 5.00 ws, where At, = x/u and Aty = x/c. Solving for Aty, 


(5.00 pss) /(0.6c) 


At 1/(0.6c) + 1/c 


= 3.1255, 


and 


Ati, = (3.125 ps) /1 — (0.6)? = 2.50 ps. 


P20-12 The only change in the components of Ar occur parallel to the boost. Then we can choose 
the boost to be parallel to Ar and then 


Ar’ = 7[Ar — u(0)] = yAr > Ar, 


since y > 1. 


P20-13| (a) Start with Eq. 20-34, 


E? = (pe)? + (me’)?, 
and substitute into this EF = K + mc?, 


K? + 2K me? + (me?)? = (pe)? + (me?)?. 
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We can rearrange this, and then 


K?+2Kmc? = (pe)?, 
(pc)? — K? 
n= 
2K 2 


(b) As u/c > 0 we have K — $mv? and p > mv, the classical limits. Then the above expression 
becomes 


But v/c — 0, so this expression reduces to m = m in the classical limit, which is a good thing. 
(c) We get 
(121 MeV)? — (55.0 MeV)? 9 
= = 1.06 MeV 
m 2(55.0 MeV)e2 MN 


which is (1.06 MeV/c?)/(0.511 MeV/c?) = 207m_.. A muon. 


P20-14 Since E > mc? the particle is ultra-relativistic and v © c. y = (135)/(0.1396) = 967. 
Then the particle has a lab-life of At’ = (967)(35.0 x 1079s) = 3.385 x10~°s. The distance traveled 
is 


x = (3.00 x 10°m/s)(3.385 x 107 °s) = 1.016 x 104m, 
so the pion decays 110 km above the Earth. 


P20-15| (a) A completely inelastic collision means the two particles, each of mass m4, stick 
together after the collision, in effect becoming a new particle of mass m2. We’ll use the subscript 1 
for moving particle of mass m 1, the subscript 0 for the particle which is originally at rest, and the 
subscript 2 for the new particle after the collision. We need to conserve momentum, 


Pit+Po = Pa, 
yimiu,+ (0) = ymeue, 
and we need to conserve total energy, 
E,+ko = Fa, 
yimyc? + myc = Jom2c?, 


Divide the momentum equation by the energy equation and then 


VY1U1 Zap 
Wt a 


But ui = cy/1 — 1/97, so 
Mii l—T/q 


uw = c————, 
2 seed 


MET 


wt 


9 
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(a Ht =) 


ati 
= 1-1 
= ¢/——_. 
yi +1 
(b) Using the momentum equation, 
Yui 
m2 = mM ; 
y2u2 


a ean 
u2//1 = (u2/e)?’ 
Pe ee 
1/V(e/u2)? — 1 
oe wa 
UJ/mstD/m—-)=-71 
Are lee) 
(m —1)/2 


= myV2(" +1). 


P20-16 (a) K=W= f[ Fdz = | (dp/dt)dx = | (dx/dt)dp = f v dp. 
(b) dp = my du + mv(dy/dv)dv. Now use Maple or Mathematica to save time, and get 


m du : mv? du 
(1 — v2/c2)1/72 C21 — v2 /c2) 3/2" 


dp = 


Now integrate: 


m mv? 
Ko = {-(qotsn sara) dv, 


mv? 


Jl —v2/e2 
P20-17 (a) Since E = K + mc’, then 
Enew = 2E = 2mc* + 2K = 2mc?(1 + K/me’). 


b) Enew = 2(0.938 GeV) + 2(100 GeV) = 202 GeV. 
c) K = (100 GeV)/2 — (0.938 GeV) = 49.1 GeV. 


pam 


P20-18 (a) Assume only one particle is formed. That particle can later decay, but it sets the 
standard on energy and momentum conservation. The momentum of this one particle must equal 
that of the incident proton, or 
p'c? = [(mc* + K)? — mc']. 
The initial energy was K + 2mc?, so the mass of the “one” particle is given by 
M?c4 = [(K + 2mc?)? — p?c?] = 2K mc? + 4m2ct. 


This is a measure of the available energy; the remaining energy is required to conserve momentum. 


Then 
Enew = V M2c4 = 2me?./1 + K/2mce?. 
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P20-19 The initial momentum is myjv;. The final momentum is (M — m)yrv¢. Manipulating the 
momentum conservation equation, 


myvi = (M—m)¢v¢, 
1 Jfi-BP 
mY Bi (M _ m) Be’ 
M-—m ( 1 ) 
—) Peal —_— 1 , 
my; Be 
M-m ee 1 
myi Gi ~~ pe 
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E21-1| (a) We'll assume that the new temperature scale is related to the Celsius scale by a linear 
transformation; then Ts; = mT¢ +b, where m and b are constants to be determined, Ts is the 
temperature measurement in the “new” scale, and To is the temperature measurement in Celsius 
degrees. 

One of our known points is absolute zero; 


Ts = mic +b, 
(0) = m(—273.15°C) +5. 


We have two other points, the melting and boiling points for water, 


(T's)bp = m(100°C) + 6, 
(Ts)mp = m(0°C) +8; 


we can subtract the top equation from the bottom equation to get 
(Ts)bp — (Ts)Smp = 100 C°m. 


We are told this is 180 S°, so m = 1.8S°/C°. Put this into the first equation and then find 8, 
b = 273.15°Cm = 491.67°S. The conversion is then 


Ts = (1.8 S°/C°)To + (491.67°S). 


(b) The melting point for water is 491.67°S; the boiling point for water is 180 S° above this, or 
671.67°S. 


E21-2 Tp = 9(—273.15 deg C)/5 + 32°F = —459.67°F. 


E21-3 (a) We’ll assume that the new temperature scale is related to the Celsius scale by a linear 
transformation; then Ts; = mT> + b, where m and 6 are constants to be determined, Ts is the 
temperature measurement in the “new” scale, and To is the temperature measurement in Celsius 
degrees. 

One of our known points is absolute zero; 


Ts = mIco +b, 
(0) m(—273.15°C) + b. 


We have two other points, the melting and boiling points for water, 


I 


(T's)bp = m(100°C) + 6, 
(Ts)mp = m(0°C) +8; 


we can subtract the top equation from the bottom equation to get 
(Ts)bp _ (T's)Smp = 100 Com. 


We are told this is 100 Q°, so m = 1.0 Q°/C°. Put this into the first equation and then find 3, 
b = 273.15°C = 273.15°Q. The conversion is then 


Ts = To + (273.15°S). 
(b) The melting point for water is 273.15°Q; the boiling point for water is 100 Q° above this, or 


373.15°Q. 
(c) Kelvin Scale. 
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E21-4 (a) T = (9/5)(6000 K — 273.15) + 32 = 10000°F. 

(b) T = (5/9)(98.6°F — 32) = 37.0°C. 

(c) T = (5/9)(—70°F — 32) = —57°C. 

(d) T = (9/5)(—183°C) + 32 = —297°F. 

(e) It depends on what you think is hot. My mom thinks 79°F is too warm; that’s T = 
(5/9)(79°F — 32) = 26°C. 


E21-5 T = (9/5)(310K — 273.15) + 32 = 98.3°F, which is fine. 


E21-6 (a) T = 2(5/9)(T — 32), so -T/10 = —32, or T = 320°F. 
(b) 2T = (5/9)(T — 32), so 137/5 = —32, or T = —12.3°F. 


E21-7| If the temperature (in Kelvin) is directly proportional to the resistance then T = kR, 
where & is a constant of proportionality. We are given one point, T = 273.16 K when R = 90.35 Q, 
but that is okay; we only have one unknown, k. Then (273.16 K) = (90.35 Q) or k = 3.023 K/Q. 
If the resistance is measured to be R = 96.28 Q, we have a temperature of 


T =kR = (3.023 K/Q)(96.28 2) = 291.1 K. 


E21-8 T = (510°C)/(0.028V)V, so T = (1.82 104°C/V) (0.0102 V) = 186°C. 


E21-9| We must first find the equation which relates gain to temperature, and then find the gain 
at the specified temperature. If we let G be the gain we can write this linear relationship as 


G=mT +8, 
where m and 6 are constants to be determined. We have two known points: 


(30.0) = m(20.0°C) +, 
(35.2) = m(55.0°C) +b. 


If we subtract the top equation from the bottom we get 5.2 = m(35.0° C), or m = 1.49C~1. Put 
this into either of the first two equations and 


(30.0) = (0.149 C~')(20.0° C) + b, 


which has a solution b = 27.0 
Now to find the gain when T' = 28.0°C: 


G = mT +b = (0.149 C~*)(28.0° C) + (27.0) = 31.2 
E21-10 p/p = (373.15 K) /(273.16 K) = 1.366. 


E21-11 100 cm Hg is 1000 torr. Pye = (100 cm Hg)(373 K)/(273.16 K) = 136.550 cm Hg. Ni- 
trogen records a temperature which is 0.2K higher, so Py = (100 cm Hg)(373.2 K)/(273.16K) = 
136.623 cm Hg. The difference is 0.073 cm Hg. 


E21-12 AL = (23x 10-®/C°)(33m)(15C°) = 1.1x10-2m. 


E21-13 AL = (3.2x10~®/C°)(200 in)(60C°) = 3.8x10~? 
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E21-14 L’ = (2.725cm)[1 + (23x 10-8 /C°)(128C°)] = 2.733 cm. 


E21-15 


We want to focus on the temperature change, not the absolute temperature. In this 


case, AT = T; — T; = (42°C) — (—5.0°C) = 47C°. 


Then 


AL = (11 x 107-° C~")(12.0m)(47 C°) = 6.2 x 1073 m. 


E21-16 AA = 2aAAT, so 


E21-17 


AA = 2(9x 107°/C?)(2.0 m)(3.0 m)(30C°) = 3.2x 107m”. 


(a) We'll apply Eq. 21-10. The surface area of a cube is six times the area of one face, 


which is the edge length squared. So A = 6(0.332m)? = 0.661m?. The temperature change is 
AT = (75.0°C) — (20.0°C) = 55.0C°. Then the increase in surface area is 


AA = 2aAAT = 2(19 x 107° C7) (0.661 m?)(55.0 C°) = 1.38 x 1073 m? 


(b) We’ll now apply Eq. 21-11. The volume of the cube is the edge length cubed, so 


V = (0.332 m)? = 0.0366 m?. 


and then from Eq. 21-11, 


AV = 2aVAT = 3(19 x 107° C~) (0.0366 m*) (55.0 C°) = 1.15 x 107* m?, 


is the change in volume of the cube. 


E21-18 V’=V(1+4+3aAT), so 


E21-19 


V’ = (530 cm®)[1 + 3(29 x 107° /C°)(—172 C°)] = 522 cm’. 


(a) The slope is approximately 1.6 x 1074+/C°. 


(b) The slope is zero. 


E21-20 Ar = (3/3)rAT, so 


E21-21 


Ar = [(3.2x 107° /K) /3](6.37 x 10°m) (2700 K) = 1.8x 10°m. 


We’ll assume that the steel ruler measures length correctly at room temperature. Then 


the 20.05 cm measurement of the rod is correct. But both the rod and the ruler will expand in the 
oven, so the 20.11 cm measurement of the rod is not the actual length of the rod in the oven. What 
is the actual length of the rod in the oven? We can only answer that after figuring out how the 20.11 
cm mark on the ruler moves when the ruler expands. 

Let Z = 20.11 cm correspond to the ruler mark at room temperature. Then 


AL =Giteag LAT = (11 107° CO) Q0.11 em)250C2) = 5.5 x 107 em 


is the shift in position of the mark as the ruler is raised to the higher temperature. Then the change 
in length of the rod is not (20.11 cm) — (20.05 cm) = 0.06 cm, because the 20.11 cm mark is shifted 
out. We need to add 0.055 cm to this; the rod changed length by 0.115 cm. 

The coefficient of thermal expansion for the rod is 


AL (0.115 cm) 


= = = 23 x 10-6 O71, 
LAT ~ (20.05 cm)(250 0°) - 


a 
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E21-22 A=ab, A’ = (a+ Aa)(b+ Ab) = ab+ aAb+ bAa + AaAd, so 


AA = aAb+ bAa+ AadAb, 

A(Ab/b + Aa/a+ AaAb/ab), 
A(aAT + aAT), 

= 2aAAT. 


2 


E21-23] Solve this problem by assuming the solid is in the form of a cube. 

If the length of one side of a cube is originally Lo, then the volume is originally Vj = L%. After 
heating, the volume of the cube will be V = L°, where L = Lp + AL. 
Then 


Vo 
= (Lo+AL)?, 
= (Lo +aL)AT)*, 
= Lg(1+aAT). 


As long as the quantity aAT is much less than one we can expand the last line in a binomial 
expansion as 
V & Vo(1+ 8a0AT + ---), 


so the change in volume is AV ® 38aVoAT. 


c 
d) Zero. 


E21-25 p!—p=m/V’—m/V =m/(V + AV) —m/V & —mAV/V?. Then 


Ap = —(m/V)(AV/V) = —pBAT. 


E21-26 Use the results of Exercise 21-25. 
(a) AV/V = 3AL/L = 3(0.092%) = 0.276%. The change in density is 


Ap/p = —AV/V = —(0.276%) = —0.28 


(b) a = 8/3 = (0.28%) /3(40C°) = 2.3x10-°/C°. Must be aluminum. 


E21-27| The diameter of the rod as a function of temperature is 


dg — ds,o(1 + asAT), 
The diameter of the ring as a function of temperature is 


dp = dp,o(1 + apAT). 
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We are interested in the temperature when the diameters are equal, 


ds,o(1 + asAT) = dp,o(1 + apAT), 
asds 9 AT —apdyoAT = dbo — dso, 
AT = dy,o _ ds.o 


asds,0 = apdp,o’ 

(2.992 em) — (3.000 cm) 
(11 x 10-6/C*)(3.000 cm) — (19x 10-®/C®) (2.992 em)’ 
= 335C°. 


AT = 


The final temperature is then T's = (25°) + 335 C° = 360°. 


E21-28 (a) AL = AL, + AL, = (L1a1 + Lga2)AT. The effective value for a is then 


AL m ay Ly + agLe 


EAT L 
(b) Since Lz = L — Ly we can write 
ail, +a(L—-L1) = al, 
— a— a9 . 
a1 — a2 


(13x 10-8) — (11 1078) 


= 0.131 m. 
(19x10=*) —(a1xi0-8) 


I 


(0.524 m) 


The brass length is then 13.1 cm and the steel is 39.3 cm. 


E21-29 At 100°C the glass and mercury each have a volume Vo. After cooling, the difference in 
volume changes is given by 
AV = Vo(8ag — Bm)AT. 


Since m = pV, the mass of mercury that needs to be added can be found by multiplying though by 
the density of mercury. Then 


Am = (0.891 kg)[3(9.0x 107° /C°) — (1.8x 10-4/C°)](—135C°) = 0.0184 ke. 


This is the additional amount required, so the total is now 909 g. 


E21-30 (a) The rotational inertia is given by I = f{r?dm; changing the temperature requires 
ror =r+Ar=r(14+aAT). Then 


ie fo + aAT)*r?2dm = (1+ 2a) f ram, 


so AI = 2alAT. 
(b) Since L = Iw, then 0 = wAI + I[Aw. Rearranging, Aw/w = —AI/I = —2aAT. Then 


Aw = —2(19x 1078/C°)(230 rev/s)(170C°) = —1.5 rev/s. 
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E21-31| This problem is related to objects which expand when heated, but we never actually need 
to calculate any temperature changes. We will, however, be interested in the change in rotational 
inertia. Rotational inertia is directly proportional to the square of the (appropriate) linear dimension, 
so 


T¢/T; => (r¢/ri)?. 
(a) If the bearings are frictionless then there are no external torques, so the angular momentum 


is constant. 
(b) If the angular momentum is constant, then 


L; = Ls, 


Tiwi; = Tewe. 


We are interested in the percent change in the angular velocity, which is 


Wp—Wi We qT; ri\? 1 ‘ 


c) The rotational kinetic energy is proportional to Iw? = (Iw)w = Lw, but L is constant, so 
gy 


K,—K; Wr Wi 
= = —0.36%. 
Kj Wi 7 


E21-32 (a) The period of a physical pendulum is given by Eq. 17-28. There are two variables 
in the equation that depend on length. J, which is proportional to a length squared, and d, which 
is proportional to a length. This means that the period have an overall dependence on length 
proportional to ,/r. Taking the derivative, 


APxdP= are ~ 1 baAT. 
2rT 2 


(b) AP/P = (0.7x10~®C°)(10C°) /2 = 3.5x10~®. After 30 days the clock will be slow by 


At = (30 x 24 x 60 x 60s)(3.5x 10-°) = 9.078. 


E21-33 Refer to the Exercise 21-32. 


AP = (3600s)(19 x 10~°C?) (—20C°) /2 = 0.68. 


E21-34 At 22°C the aluminum cup and glycerin each have a volume Vo. After heating, the 
difference in volume changes is given by 


AV = Vo(3da — Bg) AT. 
The amount that spills out is then 
AV = (110 em?)[3(23 x 10-6 /C°) — (5.1 1074/C°)|(6C°) = —0.29 cm?. 
E21-35 At 20.0°C the glass tube is filled with liquid to a volume Vo. After heating, the difference 


in volume changes is given by 
AV = Vo(3ag — )AT. 


The cross sectional area of the tube changes according to 


AA = Ap2a,AT. 
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Consequently, the height of the liquid changes according to 
AV = (ho+Ah)(Ao + AA) — ho A, 


hoAA + AoAh, 
AV/Vo = AA/Ap + Ah/ho. 


2 


Then 
Ah = (1.28 m/2)[(1.1x107°/C°) — (4.2x 107°/C°)](13 C°) = 2.6 1074m. 


E21-36 (a) B= (dV/dT)/V. If pV =nRT, then pdV = nRadT, so 
B= (nR/p)/V =nR/pV =1/T. 


(b) Kelvins. 
(c) 6 + 1/(300/K) = 3.3x1073/K. 


E21-37 (a) V = (1 mol)(8.31J/mol - K)(273 K)/(1.01 x 10°Pa) = 2.25 x 10-2m3, 
(b) (6.02 x 1023mol™*) /(2.25 x 104/cm*) = 2.68 10'9. 


E21-38 2/V = p/kT, so 


n/V = (1.01 x 107 !Pa) /(1.38 x 10-73 /K) (295 K) = 25 part/cm’. 


E21-39| (a) Using Eq. 21-17, 


pV (108 x 103Pa) (2.47 m3) 
n= = = 113 mol. 
RT (8.31 J/mol-K)((12 + 273] Kk) 


(b) Use the same expression again, 


nRT _ (113 mol)(8.31J/mol-K) ([31 + 273] K) 


= 0.903m’. 
D (316 x 103Pa) = 


V= 


E21-40 (a) n = pV/RT = (1.01 10°Pa)(1.13 x 107m?) /(8.31 J /mol-K) (315 K) = 4.36 x 10~2mol. 
(b) Ts = TippV¢/piVi, so 


(315 K) (1.06 x 10°Pa) (1.530 x 10-3m3) 


ye — 
, (1.01 x 10°Pa) (1.130 x 10-3m3) 


= 448K. 


E21-41  p; = (14.7 + 24.2) Ib/in? = 38.9 lb/in?. pp = piT;Vi/TiVt, 80 


pe (38.9 Ib/in?)(299K) (988 in*) = 41.7 to /in? 
(270 K)(1020 in®) ; 


The gauge pressure is then (41.7 — 14.7) Ib/in” = 27.0 Ib/in’. 


E21-42 Since p= F/A and F = mg, a reasonable estimate for the mass of the atmosphere is 


m = pA/g = (1.01 x 10°Pa)47(6.37 x 10°m)?/(9.81 m/s”) = 5.25 x 10'8ke. 
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E21-43 p=po+pgh, where h is the depth. Then Ps = 1.01 10°Pa and 
p, = (1.01 x 10°Pa) + (998 kg/m*)(9.81 m/s”) (41.5 m) = 5.07 x 10°Pa. 
Ve = VipiT's/peT;, so 


(19.4 em) (5.07 x 10°Pa.) (296 K) 


= 104 cm’. 
(1.01 x 105Pa) (277 K) as 


Ve= 


E21-44 The new pressure in the pipe is 
pe = piVi/V¢ = (1.01 x 10°Pa)(2) = 2.02 x 10°Pa. 
The water pressure at some depth y is given by p= po + pgy, so 


2.02 x 10°Pa) — (1.01 x 10°P 
pas 02x10°Pa) — (1.01 x10 Baca, 
(998 kg/m?) (9.81 m/s?) 
Then the water/air interface inside the tube is at a depth of 10.3 m; so h = (10.3m) + (25.0m)/2 = 
22.8m. 


P21-1| (a) The dimensions of A must be [time]~', as can be seen with a quick inspection of the 
equation. We would expect that A would depend on the surface area at the very least; however, 
that means that it must also depend on some other factor to fix the dimensionality of A. 

(b) Rearrange and integrate, 


T t 
OE anos | Adt, 

ATo AT 0) 

In(AT/ATo) = —At, 
AT = AToe~**. 


P21-2 First find A. 
ree In(ATo/AT) ie dnl" 28 C°)] = 3.30x10-3 /min. 
t (45 min) 
Then find time to new temperature difference. 
oa In(ATo/AT) = In[(29 C°)/(21C°)] 
t (3.30 x 10-3 /min) 


This happens 97.8 — 45 = 53 minutes later. 


= 97.8min 


P21-3 If we neglect the expansion of the tube then we can assume the cross sectional area of the 
tube is constant. Since V = Ah, we can assume that AV = AAh. Then since AV = GVoAT, we 
can write Ah = GhoAT. 


P21-4 For either container we can write p;V; = n;RT;. We are told that V; and n,; are constants. 
Then Ap = AT, — BT», where A and B are constants. When T, = Tz Ap = 0, so A = B. When 
T, = Ty and Ty = Ty we have 


(120 mm Hg) = A(373K — 273.16K), 
so A = 1.202 mm Hg/K. Then 


(90 mm Hg) + (1.202 mm Hg/K) (273.16 K) 
(1.202 mm Hg/K) 


Actually, we could have assumed A was negative, and then the answer would be 198 K. 


T= = 348K. 
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P21-5/) Start with a differential form for Eq. 21-8, dL/dT = aL, rearrange, and integrate: 


L T 
| dL = | aLo dT, 
Lo To 


he 
L- Lo = Lo f a dT, 
To 
ae 
L = Lo i+ f adT}. 
To 
P21-6 AL=aLAT, so 
AP... WE (96 x 10-°m/s) 


Sa ss = 0.23°C/s. 
At of At @3xl0-/C)Gsxi0my 


P21-7| (a) Consider the work that was done for Ex. 21-27. The length of rod a is 


La = Lao(1 + aaAT), 
while the length of rod b is 


Dp _ Ly o(1 Ee ap AT). 
The difference is 


La cad Ly => Lao(1 + a AT) = Ly o(1 + apAT), 
= Lao Loot (Laoaa — Looa»)AT, 


which will be a constant is Leodq = Ly,oay or 
Lig « 1/a4. 
(b) We want Lo,o — Ly,o = 0.30 m so 
k/aq — k/oy = 0.30m, 
where & is a constant of proportionality; 
k = (0.30m)/ (1/(11x 107~°/C°) — 1/(19x 10~°/C°)) = 7.84x 107 °m/C°. 
The two lengths are 
La = (7.84x10-°m/C°)/(11 x 10-°/C°) = 0.713 m 


for steel and 
Ly = (7.84107 ®m/C°)/(19 x 107° /C°) = 0.413 m 


for brass. 


P21-8 The fractional increase in length of the bar is AL/Lo = aAT. The right triangle on the left 
has base Lo/2, height x, and hypotenuse (Lp + AL)/2. Then 


1 Lo [AL 
any | 2: 2 
w= 54/(Lo + AL) lg= 5 2 
With numbers, 
e= (ee) /2(25 x 10-§/C°)(32 C°) = 7.54x 107-2. 


2 
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P21-9 We want to evaluate V = Vo(1+ f GdT); the integral is the area under the graph; the 
graph looks like a triangle, so the result is 


V = Vo[1 + (16 C°)(0.0002/C°) /2] = (1.0016) Vo. 
The density is then 
p = po(Vo/V) = (1000 kg/m*) /(1.0016) = 0.9984 kg/m?. 


P21-10 At 0.00°C the glass bulb is filled with mercury to a volume Vo. After heating, the difference 
in volume changes is given by 
AV = V0(6 — 3a)AT. 


Since Tp = 0.0°C, then AT = T,, if it is measured in °C. The amount of mercury in the capillary is 
AV, and since the cross sectional area is fixed at A, then the length is L = AV/A, or 


L= “(8 — 3a) AT. 


P21-11 Let a, b, and c correspond to aluminum, steel, and invar, respectively. Then 


a+h—? 


cos C = Dab 


We can replace a with ag(1 + a@,AT), and write similar expressions for b and c. Since agp = bo = Co, 
this can be simplified to 


(1+ a AT)? + (1+ aAT)? — (1 +0-AT)? 


ae 2(1 + a,AT)(1 + HAT) 


Expand this as a Taylor series in terms of AT, and we find 
1 1 
cosC x 5 + 5 (Qa + ay — 2a.) AT. 
Now solve: 
2 cos(59.95°) — 1 
AT = = 46.4°C. 
(23 x 10-6 /C°) + (11 x 10-€/C°) — 2(0.7x 10-6 /C2) 


The final temperature is then 66.4°C. 


P21-12 The bottom of the iron bar moves downward according to AL = aLAT. The center of 
mass of the iron bar is located in the center; it moves downward half the distance. The mercury 
expands in the glass upwards; subtracting off the distance the iron moves we get 


Ah = BhAT — AL = (8h — aL)AT. 


The center of mass in the mercury is located in the center. If the center of mass of the system is to 
remain constant we require 
mMAL/2 = mpy(Ah — AL)/2; 
or, since p = mV = mAy, 
pial = pm(Bh —2aL). 


Solving for h, 


ie (12 x 10-8/C°) (1.00 m) [(7.87 x 10°kg/m*) + 2(13.6 x 10%kg/m3)] me 
7 (13.6 x 103k /m3)(18 x 10-5/C°) Spee 
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P21-13| The volume of the block which is beneath the surface of the mercury displaces a mass 
of mercury equal to the mass of the block. The mass of the block is independent of the temperature 
but the volume of the displaced mercury changes according to 


Vin = Vm o(1 + BmAT). 


This volume is equal to the depth which the block sinks times the cross sectional area of the block 
(which does change with temperature). Then 


hshy” = hs,ohyo?(1 + BmAT), 


where h, is the depth to which the block sinks and hyo = 20 cm is the length of the side of the 
block. But 
hp = hp,o(1 + apAT), 


os 14+ BmAT 
aegis 
+ a AT)? 


Since the changes are small we can expand the right hand side using the binomial expansion; keeping 
terms only in AT we get 
hs x hs,o(1 + (Bm = 2ap)AT), 


which means the block will sink a distance hs — hs, given by 
hs,o(Bm — 205) AT = he,o [(1-8x 1074/C°) — 2(23 x 10~°/C?)] (50 C°) = (6.7x 107% )hs.o. 


In order to finish we need to know how much of the block was submerged in the first place. Since 
the fraction submerged is equal to the ratio of the densities, we have 


hs.o/hb,o = Pb/ Pm = (2.7 x 102kg/m?3) /(1.36 x 10¢kg/m?), 


so hyo = 3.97 cm, and the change in depth is 0.27 mm. 


P21-14 The area of glass expands according to AAg = 2agA,AT. The are of Dumet wire expands 
according to 
AA, + AAi = 2(acAc + aj Aj) AT. 


We need these to be equal, so 


Og Ag = acAc+ a; Aj, 
Agha” <= Gee a ri?) + airi’, 
Ag(re? +717) = Ac(re? — 7:7) + a4ri?, 
ro Me Og 
Te Oe — OF 


P21-15 


P21-16 Vo =V\(pi/p2)(T1/T2), so 


V2 = (3.47 m*)[(76 cm Hg) /(36 cm Hg)]{(225 K) /(295 K)] = 5.59m?3. 
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P21-17| Call the containers one and two so that V; = 1.22 L and V2 = 3.18 L. Then the initial 
number of moles in the two containers are 


The total is 
n= pi(Vi + V2) /(RT;). 


Later the temperatures are changed and then the number of moles of gas in each container is 


The total is still n, so 


pe (Vii, Vo \ _ pi(Vit Vs) 
RA\Ti¢ Toe RT; 


We can solve this for the final pressure, so long as we remember to convert all temperatures to 
Kelvins, 


pp = PV + Ve) ( “uo Ww ie 
Tj Tis Tage 
or 


: (1.44 atm) (1.22L + 3.18 L) (a L) (3.18 L) 
f= 


(289 K) (289K) * aaa) a ce 


P21-18 Originally ng = paVa/RT,4 and ng = ppVep/RTpg; Ve = 4V4. Label the final state of 
A as C and the final state of B as D. After mixing, no = poV4/RT 4 and np = ppVB/RTp, but 
Po =Pp andngat+ng=notnp. Then 


pa/Ta + 4pp/Tp = pc(1/Ta + 4/Te), 


- (5x 10°Pa) /(300K) + 4(1 x 10°Pa) /(400 K) 


1/(300 K) + 4/(400 K) 


Po= = 2.00 10°Pa. 


P21-19 Ifthe temperature is uniform then all that is necessary is to substitute pop = nRT/V and 
p=nRT/V; cancel RT from both sides, and then equate n/V with ny. 


P21-20 Use the results of Problem 15-19. The initial pressure inside the bubble is p; = po +4y/ri. 
The final pressure inside the bell jar is zero, sopp = 4y/r¢. The initial and final pressure inside the 
bubble are related by p,r;? = pere? = 4yr_?. Now for numbers: 


py = (1.01 x 10°Pa) + 4(2.5 x 10-7N/m) /(2.0x 1073m) = 1.0105 x 10°Pa. 


and 

r= i Ea = 8.99x10-2m. 
P21-21 
P21-22 
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E22-1 (a) n = (2.56 g)/(197 g/mol) = 1.30 10~?mol. 
(b) N = (6.02 x 10?8mol~)(1.30 x 10-2mol) = 7.83 1021. 


E22-2 (a) N = pV/kT = (1.01 10°Pa)(1.00 m°) /(1.38 x 10-?°J /K) (293 K) = 2.50 x 10?°. 
(b) n = (2.50 x 107°) /(6.02 x 10?8mol~*) = 41.5 mol. Then 


m = (41.5 mol)[75%(28 g/mol) + 25%(32 g/mol)] = 1.20kg. 


E22-3| (a) We first need to calculate the molar mass of ammonia. This is 


M = M(N) + 3M(H) = (14.0 g/mol) + 3(1.01 g/mol) = 17.0 g/mol 
The number of moles of nitrogen present is 
n= m/M, = (315 g)/(17.0 g/mol) = 18.5 mol. 
The volume of the tank is 
V =nRT/p = (18.5 mol)(8.31 J/mol - K)(350 K) /(1.35 x 10°Pa) = 3.99 x 1077m?. 
(b) After the tank is checked the number of moles of gas in the tank is 
n = pV/(RT) = (8.68 x 10°Pa) (3.99 x 10~?m?) /[(8.31 J/mol - K)(295 K)] = 14.1 mol. 

In that case, 4.4 mol must have escaped; that corresponds to a mass of 


m=nM, = (4.4 mol)(17.0 g/mol) = 74.8 g. 


E22-4 (a) The volume per particle is V/N = kT/P, so 
V/N = (1.38 x 107733 /K) (285 K) /(1.01 x 10°Pa) = 3.89 x 107 7°m?. 


The edge length is the cube root of this, or 3.39x10~°m. The ratio is 11.3. 
(b) The volume per particle is V/Na, so 


V/Na = (18x 10~°m?*) /(6.02 x 107?) = 2.99 x 107 79m’. 


The edge length is the cube root of this, or 3.10x10~'°m. The ratio is 1.03. 


E22-5 The volume per particle is V/N = kT/P, so 
V/N = (1.38 x 107~*°J /K) (308 K) /(1.22) (1.01 x 10°Pa) = 3.45 x 1077°m?. 


The fraction actually occupied by the particle is 


4r(0.710x 10-!°m)3 /3) 
(3.45 x 10-26m3) 


= 4.34x107°. 


E22-6 The component of the momentum normal to the wall is 
py = (3.3x107?"kg) (1.0 x 10°m/s) cos(55°) = 1.89 107*4kg - m/s. 
The pressure exerted on the wall is 


F (1.61023 /s)2(1.89 x 10-24kg - m/s) : 
a = 3.0x 10°Pa. 
eA (2.0x10-4m?) ee 
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E22-7| (a) From Eq. 22-9, 


3p 
Urms = a 
p 
Then : 
1.01 x 10°P 
p = 1.23 x 10-3 atm (aS) = 124Pa 
1 atm 
and 2 
lkg 100 cm 
= 1.32 x 10-5 ? = 1.32 x 107? kg/m?. 
4 tr Eom (sins) ( im ) e en 
Finally, 


3(1240 Pa) 
rms — = 1 3. 
: lam 0 heey 


(b) The molar density of the gas is just n/V; but this can be found quickly from the ideal gas 


law as 
n Dp (1240 Pa) 


V RT (8.31J/mol-K)(317K) 


(c) We were given the density, which is mass per volume, so we could find the molar mass from 


= 4.71 x 107+ mol/m?. 


p (1.32 x 10~? kg/m?) 
= = 28.0 g/mol. 
n/V (4.71 x 10-! mol/m3) g/mo 


But what gas is it? It could contain any atom lighter than silicon; trial and error is the way to go. 
Some of my guesses include CjH, (ethene), CO (carbon monoxide), and Ng. There’s no way to tell 
which is correct at this point, in fact, the gas could be a mixture of all three. 


E22-8 The density is p= m/V =nM,/V, or 
p = (0.350 mol) (0.0280 kg/mol) /7(0.125 m/2)?(0.560 m) = 1.43kg/m’. 


The rms speed is 


05) (1.01 x L05P 
cm = Seo? X10°PS) ata je 


(1.43kg/m3) 


E22-9 (a) N/V =p/kT = (1.01x 105Pa) /(1.38 x 10-73 /K)(273 K) = 2.68 x 1025 /m’. 
(b) Note that Eq. 22-11 is wrong; for the explanation read the last two paragraphs in the first 
column on page 502. We need an extra factor of V2, so 1d? = V/ J2N A, so 


d= V1) V2m(2.68 x 1025 /m3) (285 x 10-9m) = 1.72x107'°m. 


E22-10 (a) \=V/V2Nnd?, so 


i : =5:6x 10m, 
V/2(1.0 x 108 /m3)7(2.0 x 10-!°m)?2 


(b) Particles effectively follow ballistic trajectories. 
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E22-11| We have v = fA, where is the wavelength (which we will set equal to the mean free 
path), and v is the speed of sound. The mean free path is, from Eq. 22-13, 


KT 
— /2nd2p 


so a 
_ V2nd*pu — V2n(315x 10~!m)?(1.02 x 1.01 x 10°Pa)(343 m/s) 


= 3.88 x 10°Hz. 
kT (1.38 10-25J/K)(291 K) pee ge 


f 


E22-12 (a) p=(1.10x10~° mm Hg)(133 Pa/mm Hg) = 1.46 x 10~*Pa. The particle density is 
N/V = (1.46 x 107~4Pa) /(1.38 x 107733 /K) (295 K) = 3.59 x 10'6/m’. 
(b) The mean free path is 


d= 1/r/(2)(3.59 x 1018 /m3)n(2.20 x 1071°m)? = 130m. 


E22-13 Note that va, x VT, while \ « T. Then the collision rate is proportional to 1/VT. Then 


(5.1 x 10°/s)? 


T= (300K) a0 52 


= 216K. 


E22-14 (a) vay = (65 km/s)/(10) = 6.5 km/s. 
(b) Urms = / (505 km/s)/(10) = 7.1 km/s. 


E22-15]| (a) The average is 


4(200 s) + 2(500 m/s) + 4(600 m/s) 
44244 


= 420 m/s. 


The mean-square value is 


4(200s)? + 2(500 m/s)? + 4(600 m/s)? 
4+2+4 


= 2.1 x 10° m?/s?. 


The root-mean-square value is the square root of this, or 458 m/s. 

(b) I'll be lazy. Nine particles are not moving, and the tenth has a speed of 10 m/s. Then the 
average speed is 1 m/s, and the root-mean-square speed is 3.16 m/s. Look, v;ms is larger than vay! 

(c) Can Urms=Vav? Assume that the speeds are not all the same. Transform to a frame of 
reference where vay = 0, then some of the individual speeds must be greater than zero, and some 
will be less than zero. Squaring these speeds will result in positive, non-zero, numbers; the mean 
square will necessarily be greater than zero, sO Urms > 0. 

Only if all of the particles have the same speed will v;ms=Vay- 


E22-16 Use Eq. 22-20: 


3(1.38 x 10-233 /K)(329 K) 
rms — = 4 
7 lam 10-26kg + 3 x 1.67x10-2"kg) re 
E22-17 Use Eq. 22-20: 
3(1.38 x 10-23 /K)(2.7 K) 
rms — =A : 
: i (2 x 1.67x 10-27kg) sue 
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E22-18 Eq. 22-14 is in the form N = Av e7 Be Taking the derivative, 


dN 
—— =2Ave 2” — 2ABu8e- 8, 
du 
and setting this equal to zero, 
v? =1/B = 2kT/m. 
E22-19| We want to integrate 
1 Co 
a N(v)vdv, 
N Jo 
1 es m 3/2 2 
= = 4 n(=)) 2 o—mwv? /2KT yy 
af T okt ve v dv, 
m \3/2 fo 2 
= 4 ( ) 2,—mv* /2kT dv. 
™\ sor i u“e udu 


The easiest way to attack this is first with a change of variables— let x = mv?/2kT, then kT dr = 
mv dv. The limits of integration don’t change, since \/oo = oo. Then 


3/2 (° WkT kT 
Vay = 4n ( = ) | — xe * —dz, 
0 


Q2rkT m m 


OY dae al fd 
2 (=) - ve dx 
Tm 0 


The factor of a that was introduced in the last line is a Feynman trick; we’ll set it equal to one when 
we are finished, so it won’t change the result. 
Feynman’s trick looks like 


d —ax a) 0 —axr ox, —ax 
dal ° dz= f se dx = f (-a)e dx. 


Applying this to our original problem, 


OT \ V2 poo 
Vay = 2(=") | re “dx, 
mm 6 
1V2. 26s 
= ety ane i: e "dz, 
da ~~ 0 
_ _g (°F caer a ee 
~ “m da a: a 
_ 9 f%ArV'? 1 
= mm da \a/)’ 
» p(y 
= rm az” 


We promised, however, that we would set a = 1 in the end, so this last line is 


RP \ 1? 
a = (8) 


TIN 
_— ([8kT 
— TM , 
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E22-20 We want to integrate 


1 foe) 
(v7) av = xf N(v)v? dv, 
N Jo 


1 ae m 3/2 2 
fe 4nN ( ) Ber mu? /2T 2 ry 
ae T Ok ve vu du 


= 4n ( il an yr™e Me /2KT 2 dry, 
0 


Q2rkT 


The easiest way to attack this is first with a change of variables— let x? = mv?/2kT, then 
Jf 2kT/mdx = dv. The limits of integration don’t change. Then 


3/2 fp (oRT\ >? 
(v7) ay = Ar (5) i, (=*) rte de, 
0 


8kT 
= ate” dx 
Vim Jo 
Look up the integral; although you can solve it by first applying a Feynman trick (see solution to 
Exercise 22-21) and then squaring the integral and changing to polar coordinates. I looked it up. I 
found 3./7/8, so 


Ca aivAls = 3kT /m. 


E22-21 Apply Eq. 22-20: 


Uims = V/3(1.38 x 10-23 /K) (287 K)/(5.2x 10-!7kg) = 1.5x1072m/s. 


E22-22 Since vyms « «/T'/m, we have 
T = (299K)(4/2) = 598K, 
or 325°C. 


E22-23 (a) The escape speed is found on page 310; v = 11.2x10°m/s. For hydrogen, 
T = (2)(1.67x 107?’kg) (11.2 x 10?m/s)?/3(1.38 x 10773J/K) = 1.0x10*K. 
For oxygen, 
T = (32)(1.67 x 10-?"kg) (11.2 x 10°m/s)?/3(1.38 x 107-73 /K) = 1.6 10°K. 
(b) The escape speed is found on page 310; v = 2.38 x 10°m/s. For hydrogen, 
T = (2)(1.67 x 107 ?’kg) (2.38 x 103m/s)?/3(1.38 x 107733 /K) = 460K. 
For oxygen, 
T = (32)(1.67 x 10-?"kg) (2.38 x 10°m/s)?/3(1.38 x 10-73 /K) = 7300K. 
(c) There should be more oxygen than hydrogen. 


E22-24 (a) vay = (70 km/s)/(22) = 3.18 km/s. 


(b) ves = 4/(250 km?/s?) /(22) = 3.37 km/s. 
(c) 3.0 km/s. 
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E22-25| According to the equation directly beneath Fig. 22-8, 
w = vb/L = (212 m/s) (0.0841 rad) /(0.204 m) = 87.3 rad/s. 


E22-26 If Up = Urms then 2T> = 37), or T/T, = 3/2. 


E22-27 Read the last paragraph on the first column of page 505. The distribution of speeds is 
proportional to 
pyrene? /2kT = pie BY 


9 


taking the derivative dN/dv and setting equal to zero yields 


and setting this equal to zero, 
v? = 3/2B = 3kT/m. 


E22-28 (a) v = \/3(8.31 J/mol - K)(4220K) /(0.07261 kg/mol) = 1200 m/s. 
(b) Half of the sum of the diameters, or 273 pm. 
(c) The mean free path of the germanium in the argon is 


d = 1/V2(4.13 x 107° /m?)2(273 x 107-12m)? = 7.31 x 107§m. 


The collision rate is 
(1200 m/s) /(7.31 x 107~$m) = 1.64 10'°/s. 


E22-29| The fraction of particles that interests us is 


>) 1 0.03kT 
an | Ble BIT ap 
0 


Vm (kT)9/? Jo.oirr 
Change variables according to E/kT = x, so that dE = kT dz. The integral is then 
2 


1/2 -2« 
= aie” dx. 
VT Jo.o1 
Since the value of x is so small compared to 1 throughout the range of integration, we can expand 
according to 
e °° x1l-aforr<l. 


The integral then simplifies to 


2 pe 12 2 on 
=e a/?(1 — a) dx = — ee" = =1°/| = 3.09x 107%. 
Jr 0.01 VT 3 5 0.01 
E22-30 Write N(E) = N(£, +). Then 
dN(E 
N(E, +6) ® N(E,) + € (Z) +. 
dE |p 


But the very definition of E, implies that the first derivative is zero. Then the fraction of [particles 
with energies in the range Ey + 0.02kT is 

2 1 
Vi (RIS? 


(kT /2)*/2e-1/2(0.02kT), 


or 0.04,/1/2em = 9.68 x 1073. 
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E22-31| The volume correction is on page 508; we need first to find d. If we assume that the 
particles in water are arranged in a cubic lattice (a bad guess, but we’ll use it anyway), then 18 
grams of water has a volume of 18x 10~°m?, and 


pp — (18x 10° m9) 


sty Nes 8: 1 —29,.3 
Coxe oo 


is the volume allocated to each water molecule. In this case d = 3.1x107!°m. Then 
1 4 
b= 5 (6.02 x 10 )(g7(3.1 x 107'°m)?) = 3.8m? /mol. 
E22-32 d? = 3b/27Na, or 


3(32 x 10-&m3 /mol) = 
ee = 2.9x107'°m. 
a Eee aaa eR 


E22-33 a has units of energy volume per square mole, which is the same as energy per mole times 
volume per mole. 


P22-1 Solve (1 — x)(1.429) + (1.250) = 1.293 for x. The result is « = 0.7598. 


P22-2 


P22-3; The only thing that matters is the total number of moles of gas (2.5) and the number of 
moles of the second gas (0.5). Since 1/5 of the total number of moles of gas is associated with the 
second gas, then 1/5 of the total pressure is associated with the second gas. 


P22-4 Use Eq. 22-11 with the appropriate V2 inserted. 


—3,,3 
oes I) ea ye 
V2(35)n(1.0 x 10-2m)? 


P22-5 (a) Since \ x 1/d?, we have 


dx. dae. - [ORS x<10-8m) cee 
dy VAs V (9.90x10-8m) 


(b) Since \ x 1/p, we have 


(75.0 cm Hg) 


Pi —8 -8 
90«1 (OE om 28) = 49.5x10-8m. 
A2 A (9.90 x 107 °m) (15.0 cm Hg) x m 
(c) Since A x T, we have 
i: _s.. (233K) = 
=)\,— = (9. 1 = 7.8710 : 
A2 = At 7, (9.90 x 10-°m) (293K) x m 
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P22-6 We can assume the molecule will collide with something. Then 


l= if Ae" dr = A/c, 
0 


so A=c. If the molecule has a mean free path of , then 


=) rece "dr =1/c, 
0 


soA=c=1/). 


P22-7; What is important here is the temperature; since the temperatures are the same then the 
average kinetic energies per particle are the same. Then 


1 1 


31 (ties) = =mo(Urms,2)°- 


2 
We are given in the problem that vay,2 = 2Urms,1. According to Eqs. 22-18 and 22-20 we have 


oe -/% (ow = 
Urms = 5 Paw 


Combining this with the kinetic energy expression above, 


7 2 
my _ (2m | = a 4.71. 
mg Urms,1 8 
P22-8 (a) Assume that the speeds are not all the same. Transform to a frame of reference where 
Vay = 0, then some of the individual speeds must be greater than zero, and some will be less 
than zero. Squaring these speeds will result in positive, non-zero, numbers; the mean square will 


necessarily be greater than zero, SO Uyms > 0. 
(b) Only if all of the particles have the same speed will vpms=Vav- 


P22-9| (a) We need to first find the number of particles by integrating 


| wie 


-[° Cv? w+ [0 \dv=c fv = Sab 
Invert, then C = 3N/vj. 


(b) The average velocity is found from 


1 lo) 
Vay = ral N(v)v dv. 


Using our result from above, 


1 f° (/3N 
Usp Sr (Spe?) wae 
N Jo 0) 
3.57. a 3 3 
ale = 4 


As expected, the average speed is less than the maximum speed. We can make a prediction about 
the root mean square speed; it will be larger than the average speed (see Exercise 22-15 above) but 
smaller than the maximum speed. 

(c) The root-mean-square velocity is found from 


Using our results from above, 


1 f°? (3N 
Dee, Jee (=) v’ du, 
N 0 Uo 
Bf BSR. 78s 
— = d => se CU 
uly we) OU 


Then, taking the square root, 


Is \/3/5 > 3/4? It had better be. 
P22-10 
P22-11 
P22-12 
P22-13 


P22-14 


P22-15| The mass of air displaced by 2180 m° is m = (1.22kg/m?)(2180 m?) = 2660 kg. The mass 
of the balloon and basket is 249 kg and we want to lift 272 kg; this leaves a remainder of 2140 kg for 
the mass of the air inside the balloon. This corresponds to (2140 kg) /(0.0289 ke/mol) = 7.4x10*mol. 
The temperature of the gas inside the balloon is then 


T = (pV)/(nR) = [(1.01 x 10°Pa) (2180 m°)} /[(7.4 x 10¢mol) (8.31 J/mol - K) = 358 K. 
That’s 85°C. 
P22-16 


P22-17 
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E23-1| We apply Eq. 23-1, 


AT 
H =kA— 
Ax 
The rate at which heat flows out is given as a power per area (nW/m7?), so the quantity given is 


really H/A. Then the temperature difference is 


(33, 000 m) 


ADS 2a. (0.054 W/m") SWiK) 


= 710K 
The heat flow is out, so that the temperature is higher at the base of the crust. The temperature 
there is then 

710 + 10 = 720°C. 


E23-2 We apply Eq. 23-1, 


~ (440°) 
H = kAZ = (0.74W/m - K)(6.2m)(3.8m) ooo 


= 24 : 
i 00 W 


E23-3 (a) AT/Aa = (136 C°)/(0.249 m) = 546 C°/m. 
(b) H = kAAT/Az = (401 W/m - K)(1.80 m?)(546 C° /m) = 3.94x 10°W. 
(c) Ty = (—12°C + 136C°) = 124°C. Then 


T = (124°C) — (546 C°/m)(0.11 m) = 63.9°C. 
E23-4 (a) H = (0.040 W/m- K)(1.8m?)(32 C°)/(0.012m) = 190 W. 


(b) Since & has increased by a factor of (0.60) /(0.04) = 15 then H should also increase by a 
factor of 15. 


E23-5| There are three possible arrangements: a sheet of type 1 with a sheet of type 1; a sheet 
of type 2 with a sheet of type 2; and a sheet of type 1 with a sheet of type 2. We can look back on 
Sample Problem 23-1 to see how to start the problem; the heat flow will be 


AAT 
(L/ky) + (L/k2) 


Ag = 


for substances of different types; and 


AAT/L 1 AAT, 
11 —7 => 


(L/ky) + (£/k1) 2 DL 


for a double layer if substance 1. There is a similar expression for a double layer of substance 2. 
For configuration (a) we then have 


1 AATk 1 AAT AAT 
fi Hag = 5 TL Ps L = aL (ky + ka), 


while for configuration (b) we have 


AAT 2AAT =i 
Ha + Hoa = 27 (Eh) = =F ((1/k1) + (1/k2)) 


We want to compare these, so expanding the relevant part of the second configuration 


((1/k1) + (1/k2))* = ((ka + ka)/(koke))* = ae. 
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Then which is larger 
Qk ke 3 


ky + ke? 


(ky + kg) /2 or 
If k, >> ko then the expression become 
ky /2 and 2ko, 


so the first expression is larger, and therefore configuration (b) has the lower heat flow. Notice that 
we get the same result if ky < kp! 


E23-6 There’s a typo in the exercise. 
H = AAT/R; since the heat flows through one slab and then through the other, we can write 
(T, — T,)/Ry, = (LT, — To)/Ro. Rearranging, 


Tr = (Ty Ry + T2R1)/(Ri + Re). 


E23-7 Use the results of Exercise 23-6. At the interface between ice and water T;, = 0°C. Then 
Ry,T> + ReT, = 0, or ky T/L + kgTo/Lo = 0. Not only that, 2; + Le = L, so 

kyT, Le + (L = Lz) kT => 0, 
so 
(1.42 m)(1.67 W/m - K)(—5.20°C) 


bo = 767 W/m -K)(—5.20°C) — (0.502 W/m -K)(3.98°C) 


=1.15m. 


E23-8 AT is the same in both cases. So is k. The top configuration has H, = kAAT/(2L). The 
bottom configuration has Hy, = k(2A)AT/L. The ratio of H,/H; = 4, so heat flows through the 
bottom configuration at 4 times the rate of the top. For the top configuration H, = (10J)/(2 min) = 
5J/min. Then Hy = 20J/min. It will take 


t = (30J)/(20J/min) = 1.5 min. 


E23-9| (a) This exercise has a distraction: it asks about the heat flow through the window, but 
what you need to find first is the heat flow through the air near the window. We are given the 
temperature gradient both inside and outside the window. Inside, 

AT _ (20°C) — (6°C) 
Ae. (0.08 m) 


a similar expression exists for outside. 
From Eq. 23-1 we find the heat flow through the air; 


= 190C°/m; 


AT 
a= kA = (0.026 W/m - K)(0.6 m)?(190 C°/m) = 1.8 W. 


The value that we arrived at is the rate that heat flows through the air across an area the size of 
the window on either side of the window. This heat flow had to occur through the window as well, 
so 

H=1.8W 
answers the window question. 

(b) Now that we know the rate that heat flows through the window, we are in a position to find 
the temperature difference across the window. Rearranging Eq. 32-1, 


AHA (1.8 W)(0.005 m) 
AT = = = 0.025 C° 
kA (1.0 W/m - K)(0.6 m)? ; 
so we were well justified in our approximation that the temperature drop across the glass is very 
small. 
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E23-10 (a) W = +214J, done on means positive. 
(b) Q = —293 J, extracted from means negative. 
(c) AE int = Q+ W = (—293J) + (42143) = —79.0J. 


E23-11 (a) AE; along any path between these two points is 
AEs = Q+W = (503) + (—20J) = 30J. 


Then along ibf W = (303) — (36J) = —6J. 

(b) Q = (—30J) — (+13 J) = —43 J. 

(c) Bint, = Eint,¢ + AE in, = (103) + (303) = 40. 

(d) AEintse = (223) — (10J) = 125; while AF into = (403) — (22J) = 183. There is no work 
done on the path bf, so 


Qo¢ = AEintss — Woz = (18J) — (0) = 184, 
and Qin = Qi — Qor = (36 J) — (18 J) = 18. 


E23-12 Q = mL = (0.10)(2.1x 108 kg) (333 x 10°J/kg) = 7.0 10!2J. 


E23-13] We don’t need to know the outside temperature because the amount of heat energy 
required is explicitly stated: 5.22 GJ. We just need to know how much water is required to transfer 
this amount of heat energy. Use Eq. 23-11, and then 


ba SO (5.22 x 10° J) 
~ cAT (4190 J/kg - K)(50.0°C — 22.0°C) 


= 4.45 x 10*kg. 


This is the mass of the water, we want to know the volume, so we'll use the density, and then 


m — (4.45 x 104kg) ; 
v= 5 (998kg/m) .. 


E23-14 The heat energy required is Q = mcAT. The time required is t = Q/P. Then 


j= (0-136 kg) (4190 J/kg - K)(100°C ~ 23.5°C) _ 9... 
= (220 W) oa 


E23-15 Q = mL, so m = (50.4 x 10°J)/(333 x 103J/kg) = 0.151 kg is the mount which freezes. 
Then (0.258 kg) — (0.151 kg) = 0.107kg is the amount which does not freeze. 


E23-16 (a) W = mgAy; if |Q| = |W], then 


mgAy _ (9.81 m/s?)(49.4m) 
me —« (4190 J/kg - K) 


AT = = 0.112C°. 


E23-17| There are three “things” in this problem: the copper bowl (b), the water (w), and the 
copper cylinder (c). The total internal energy changes must add up to zero, so 


AE int,b + A Eint,w + AE int,c =0. 
As in Sample Problem 23-3, no work is done on any object, so 


Qp + Qw t+ Qo = 0. 
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The heat transfers for these three objects are 


Qn = mpe(Tsp— Tip), 
Qw = Mwy Cw( Tt, _ Tiw) + Lyme, 
Qe = MeCe(T a Tic): 


For the most part, this looks exactly like the presentation in Sample Problem 23-3; but there is an 
extra term in the second line. This term reflects the extra heat required to vaporize m2 = 4.70 g of 
water at 100°C into steam 100°C. 

Some of the initial temperatures are specified in the exercise: Ti, = Ti = 21.0°C and Tp = 
Tew = T¢,¢ = 100°C. 

(a) The heat transferred to the water, then, is 


Qw = (0.223kg)(4190J/kg-K) ((100°C) — (21.0°C)), 
+(2.26 x 10°J /kg) (4.70 x 107 *kg), 
= 844x10*J. 


This answer differs from the back of the book. I think that they (or was it me) used the latent heat 
of fusion when they should have used the latent heat of vaporization! 
(b) The heat transfered to the bowl, then, is 


Qw = (0.146 kg)(387 J/kg - K) ((100°C) — (21.0°C)) = 4.46 x 10 J. 
(c) The heat transfered from the cylinder was transfered into the water and bowl, so 
Qe = —Qpv — Qw = —(4.46 x 10 J) — (8.44 x 104 J) = —8.89 x 10*J. 
The initial temperature of the cylinder is then given by 


Qe : (—8.89 x 104 J) 
ai 
McCc Se (0.314 kg) (387 J/kg - K) 


Tic am Lee =3 = 832°C. 


E23-18 The temperature of the silver must be raised to the melting point and then the heated 
silver needs to be melted. The heat required is 


Q=mL + mcAT = (0.130 kg)[(105 x 10°J/kg) + (236 J/kg - K)(1235 K — 289 K)] = 4.27 104J. 


E23-19 (a) Use Q = mcAT, m= pV, and t = Q/P. Then 


[MaCa + PwV wew| AT 
= P ’ 


_ [(0.56kg)(900 J/kg-K) + (998 kg/m) (0.64 x 10~%m*) (4190 J/kg-K)](100°C — 12°C) _ 17, 
- (2400 W) Saou 


(b) Use Q = mL, m= pV, and t = Q/P. Then 


_ PuVlw _ (998kg/m*) (0.640 x 10~m5)(2256 x 10° J/kg) _ gay, 


t 
P (2400 W) 


is the additional time required. 
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E23-20 The heat given off by the steam will be 
Qs = msLy + MsCw(50C°). 
The hear taken in by the ice will be 
Qi = mL + micy,(50 C2). 
Equating, 
Lp + Cw(50C°) 
Ly + Cw(50C°)’ 
(333 x 103 J/kg) + (4190 J/kg-K)(50C°) 
(2256 x 103 J/kg) + (4190 J/kg-K)(50 C°) 


Mm, = mrm, 


= (0.150kg) = 0.033 kg. 


E23-21| The linear dimensions of the ring and sphere change with the temperature change ac- 
cording to 


Ad, co ard, (T¢ = see 
Ads = asds (Te, = Piss): 


When the ring and sphere are at the same (final) temperature the ring and the sphere have the 


same diameter. This means that 
d, + Ad, = d; + Ads 


when T,, = T'¢,r. We'll solve these expansion equations first, and then go back to the heat equations. 
dy +Ad, = ds + Ads, 
dy 1+ay(Ter—-Tir)) = ds(1t+as(T¢s—Tis)), 
which can be rearranged to give 
ard T 5 — AsdsT¢.5 = ds (1 — asTis) — dy (1 — ar Ti) , 
but since the final temperatures are the same, 


ds (1 — asTis) — dr (1 — ay Tir) 


he = 
: a,d, — asgds 


Putting in the numbers, 
Tp = 
(2.54533cm)[1—(23 x 107° /C°)(100°C)]— (2.54000cm) [1 — (17 x 10~°/C°)(0°C)| 
(2.54000cm) (17 x 10-6 /C°) — (2.54533cm) (23 x 10-6 /C°) ; 


= 34.1°C. 
No work is done, so we only have the issue of heat flow, then 


Qr+ Qs = 0. 


Where “r” refers to the copper ring and “s” refers to the aluminum sphere. The heat equations are 


Q; = My, (Ts a, Tix); 
Qs = mscs(T¢ = Tita) 
Equating and rearranging, 
MrCr(Tir — Ts) 


cay cs(T¢ — Tis) 


(21.6 g)(387 J/kg-K)(0°C — 34.1°C) 
Ms = =481¢. 
(900 J /kg-K)(34.1°C — 100°C) 


290 


E23-22 The problem is compounded because we don’t know if the final state is only water, only 
ice, or a mixture of the two. 
Consider first the water. Cooling it to 0°C would require the removal of 


Qw = (0.200 kg) (4190 J/kg - K)(0°C — 25°C) = —2.095 x 104J. 
Consider now the ice. Warming the ice to would require the addition of 
Q; = (0.100 kg) (2220 J/kg - K)(0°C + 15°C) = 3.33x 10°J. 


The heat absorbed by the warming ice isn’t enough to cool the water to freezing. However, the ice 
can melt; and if it does it will require the addition of 


Qim = (0.100 kg) (333 x 10°J/kg) = 3.33 x 10*J. 


This is far more than will be liberated by the cooling water, so the final temperature is 0°C, and 
consists of a mixture of ice and water. 
(b) Consider now the ice. Warming the ice to would require the addition of 


Qi = (0.050 kg) (2220 J/kg - K)(0°C + 15°C) = 1.665 x 10°J. 


The heat absorbed by the warming ice isn’t enough to cool the water to freezing. However, the ice 
can melt; and if it does it will require the addition of 


Qim = (0.050 kg) (333 x 10°J/kg) = 1.665 x 107J. 
This is still not enough to cool the water to freezing. Hence, we need to solve 
Qi + Qim + Micw(T — 0°C) + mycew(T — 25°C) = 0, 
which has solution 


(4190 J/kg - K)(0.200 kg) (25°C) — (1.665 x 103J) + (1.665 x 1043) 


= 2.5°C. 
(4190 J/kg - K)(0.250 kg) 


T= 


E23-23 (a) c = (320J)/(0.0371 kg)(42.0°C — 26.1°C) = 542 J/kg - K. 
(b) n= m/M = (37.1 g)/(51.4 g/mol) = 0.722 mol. 
(c) ¢ = (542 J/kg - K)(51.4x 10-3 kg/mol) = 27.9 J/mol - K. 


E23-24 (1) W = —pAV = (15 Pa)(4m*) = —60J for the horizontal path; no work is done during 
the vertical path; the net work done on the gas is —60 J. 

(2) It is easiest to consider work as the (negative of) the area under the curve; then W = 
—(15 Pa +5 Pa)(4m3)/2 = —404. 

(3) No work is done during the vertical path; W = —pAV = (5Pa)(4m?) = —20J for the 
horizontal path; the net work done on the gas is —20 J. 


E23-25| Net work done on the gas is given by Eq. 23-15, 


w= | pav. 


But integrals are just the area under the curve; and that’s the easy way to solve this problem. In the 
case of closed paths, it becomes the area inside the curve, with a clockwise sense giving a positive 
value for the integral. 

The magnitude of the area is the same for either path, since it is a rectangle divided in half by 
a square. The area of the rectangle is 


(15x 10°Pa)(6 m*) = 90x 10°J, 


so the area of path 1 (counterclockwise) is -45 kJ; this means the work done on the gas is -(-45 kJ) 
or 45 kJ. The work done on the gas for path 2 is the negative of this because the path is clockwise. 
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E23-26 During the isothermal expansion, 


V; 
W, = —-nRT In — = —pi Vi ie 
V1 p2 


During cooling at constant pressure, 
W2 = —peAV = —po(Vi — V2) = —p2Vi(1 — pi/p2) = Vilpi — pa). 


The work done is the sum, or 


(204 x 103Pa) 


—(204 x 10°Pa) (0.142 m?) In <—————__— 
(204 10°F pe) (Qta2 a) 18 on108Pa) 


+ (0.142 m?)(103 Pa) = —5.74x 10°J. 


E23-27 During the isothermal expansion, 


V2 V2 
= —nRT ln — = —p,V, In — 
WwW nR nr pi a 


sO 
(0.0153 m3) 


Ae eee Od: 
(0.0224 m?) poe 


W = —(1.32)(1.01 x 10°Pa)(0.0224 m*) In 


E23-28 (a) pV” is a constant, so 
p2 = pi(Vi/V2)7 = (1.00 atm){(1 1)/(0.5 1)]'*? = 2.50 atm; 


T= T, (p2/p1)(V2/Vi), sO 
(2.50 atm) (0.5 1) 


Ts = (273K = 341K. 

ae 700 atm) (1 1) 
(b) V3 = V2(p2/p1)(T3/T2), so 

(273K) 
= (0.5 Ns = 0.401. 
V3 05) STK) 0.40 
(c) During the adiabatic process, 
5 1x10-3m3/l 
ig Oe ee KN) Grams — (0 se S807. 


(1.32) —1 
During the cooling process, 
Wo3 = —pAV = —(1.01x10°Pa/atm)(2.50 atm) (1x 107°m?/1)[(0.4 1) — (0.5 1)] = 25.23. 
The net work done is W193 = 78.9 J + 25.2 J = 104.1 J. 


E23-29| (a) According to Eq. 23-20, 


-V.y ( 
= PVs _ (17 atm) (4.33 L140) _ 9 36 atin. 
Vi (1.06 L).40) 


(b) The final temperature can be found from the ideal gas law, 


Prt 


pV (8.39 atm)(1.06 L) 
T; =T; = (310K = 544K. 
a eg ae a7 atm) (4.33 L) 
(c) The work done (for an adiabatic process) is given by Eq. 23-22, 
1 
——____ [(8.39 x 1.01 x 10°Pa)(1.06 x 107m? 
W (140) -1 [( x x a)(1.06 x m”) 
—(1.17 x 1.01 x 10°Pa) (4.33 x 107°m’)] , 
= 966J. 
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E23-30 Air is mostly diatomic (Nz and O2), so use y = 1.4. 
(a) pV” is a constant, so 


Vo = Vi ¥/01/p2 = Vi *X/(1.0 atm) /(2.3 atm) = 0.552V,. 


T2 = Ti (p2/p1)(V2/Vi), so 


(2.3 atm) (0.552V;) 


Tp = (291K 
aay 70 atm) Vi 


= 369K, 


or 96°C. 
(b) The work required for delivering 1 liter of compressed air is 
(1.01 x 10°Pa/atm) (1x 10~3m3 /1) 
(1.40) — 1 


Wi = [(2.3 atm) (1.0 1) — (1.0 atm)(1.0 1/0.552)] = 123 J. 


The number of liters per second that can be delivered is then 


AV/At = (230 W)/(123 J/1) = 1.87 1. 
E23-31  Eintrot = NRT = (1 mol)(8.31 J/mol - K)(298 K) = 2480 J. 


E23-32  Eint,rot = 2nRT = (1.5)(1 mol)(8.31 J/mol - K)(523 K) = 65204. 


E23-33| (a) Invert Eq. 32-20, 


— In(pi/pe) _ In(122 kPa/1450 kPa) 


= 2 = 1.20. 
7 in(¥a/Vi) _‘In(.36 m3/10.7 m3) 


(b) The final temperature is found from the ideal gas law, 


Ve 1450 x 108Pa)(1.36 m3 
r= Pt! = (250%)! 50 x 103Pa) (1.36 m3) 


piVi (122 x 103Pa)(10.7 m3) 


= 378K, 
which is the same as 105°C. 
(c) Ideal gas law, again: 
n = [pV]/[RT] = [(1450 x 10°Pa)(1.36 m*)]/[(8.31 J/mol - K)(378 K)] = 628 mol. 
(d) From Eq. 23-24, 


Eint = Sn RT = = (628 mol)(8.31 J/mol - K)(250 K) = 1.96 x 10°J 


before the compression and 


Eint = Sn RT = = (628 mol)(8.31 J/mol - K)(378 K) = 2.96 x 10°J 


after the compression. 
(e) The ratio of the rms speeds will be proportional to the square root of the ratio of the internal 


energies, 


s/ (1.96 x 10°J) /(2.96 x 106J) = 0.813; 


we can do this because the number of particles is the same before and after, hence the ratio of the 
energies per particle is the same as the ratio of the total energies. 
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E23-34 We can assume neon is an ideal gas. Then AT = 2A Fin /3nR, or 


2(1.34 x 10!2eV) (1.6 x 10-!9J /eV) 
3(0.120 mol)(8.31 J/mol - K) 


AT = = 1.43x1077J. 


E23-35 At constant pressure, doubling the volume is the same as doubling the temperature. Then 
us 
Q = nC,AT = (1.35 mol) 5 (8.31 J/mol - K)(568 K — 284K) = 1.12 104J. 


E23-36 (a) n= m/M = (12 g)/(28 g/mol) = 0.429 mol. 
(b) This is a constant volume process, so 


5 
Q = nOvAT = (0.429 mol) 5 (8.31 J/mol - K)(125°C — 25°C) = 891. 


E23-37| (a) From Eq. 23-37, 


Q = nepAT = (4.34 mol)(29.1 J/mol - K) (62.4 K) = 7880 J. 
(b) From Eq. 23-28, 
5 5 
Bin: = 5RRAT = 5(4.34 mol) (8.31 J/mol - K)(62.4K) = 5630 J. 
(c) From Eq. 23-23, 
3 5 
Kerans = 52 RAT = 5 (4.34 mol)(8.31 J/mol - K)(62.4K) = 3380 J. 
E23-38 cy = 3(8.31J/mol-K)/(4.00 g/mol) = 3120 J/kg -K. 


E23-39 Each species will experience the same temperature change, so 


Q = Q1+Q2+ Qs, 
= nyCyAT as ngCoAT + n3gC3AT, 


Dividing this by n = ni + n2+nz and AT will return the specific heat capacity of the mixture, so 


ny Cy + neCo + n3C3 
NY + ne + n3 : 


C= 


E23-40 Wa,z =), since it is a constant volume process, consequently, W = Wap+Wapsc = -15 J. 
But around a closed path Q = —W, so Q=15J. Then 


Qca = Q— Qas — Qac = (153) — (205) — (05) =—-5 J. 


Note that this heat is removed from the system! 
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E23-41| According to Eq. 23-25 (which is specific to ideal gases), 


AB ins = SnRAT, 


and for an isothermal process AT = 0, so for an ideal gas AFin, = 0. Consequently, Q + W = 0 for 
an ideal gas which undergoes an isothermal process. 
But we know W for an isotherm, Eq. 23-18 shows 


Ve 
W = —nRT ln — 


1 


Then finally 
Ve 

= —W = nRT ln — 

Q n aT 


1 


E23-42 Q is greatest for constant pressure processes and least for adiabatic. W is greatest (in 
magnitude, it is negative for increasing volume processes) for constant pressure processes and least 
for adiabatic. AEF int is greatest for constant pressure (for which it is positive), and least for adiabatic 
(for which is is negative). 


E23-43 (a) For a monatomic gas, y = 1.667. Fast process are often adiabatic, so 
Tz = T,(Vi/V2)7—! = (292 K)[(1)(1/10)]1%6"-? = 1360 K. 
(b) For a diatomic gas, y = 1.4. Fast process are often adiabatic, so 


Tz = T,(Vi/Va)7~* = (292 K)[(1)(1/10)]'4~* = 733 K. 


E23-44 This problem cannot be solved without making some assumptions about the type of pro- 
cess occurring on the two curved portions. 


E23-45| If the pressure and volume are both doubled along a straight line then the process can 
be described by 


The final point involves the doubling of both the pressure and the volume, so according to the ideal 
gas law, pV = nRT, the final temperature TJ will be four times the initial temperature 7. 

Now for the exercises. 

(a) The work done on the gas is 


2 2 2 2 
P1 pi [ V3 Vy 
W=- dV=-— FV dV ES be 
/ a mo Vi ( xe 
We want to express our answer in terms of T;. First we take advantage of the fact that V2 = 2V,, 
then . . 
pi [ AVy Vr 3 3 
= — SSS T; 
aa ( 2 2 pPiva = rth 


(b) The nice thing about AF; is that it is path independent, we care only of the initial and 
final points. From Eq. 23-25, 


AEF int = SnRAT = snk (To T1) = SnRT; 
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(c) Finally we are in a position to find Q by applying the first law, 


9 3 
Q = AB in, —W = 5nRTy + Sn RT = 6nRT. 


(d) If we define specific heat as heat divided by temperature change, then 
Q _ 6RT, 


nAT 4T, = Ty e 


E23-46 The work done is the area enclosed by the path. If the pressure is measured in units of 
10MPa, then the shape is a semi-circle, and the area is 


= (m/2)(1.5)?(10MPa)(1 x 107~°m?) = 3.53 x 104. 
The heat is given by Q = —W = —3.53x 104 J. 


E23-47 (a) Internal energy changes according to AEint = Q + W, so 
A Eng = (20.9 3) — (1.01 x 10°Pa)(113 x 106m? — 63 x 106m?) = 15.9 J. 
(b) T, = pV, /nR and Tz = p2V2/nR, but p is constant, so AT = pAV/nR. Then 


Q QR (20.9 J)(8.31 J/mol - K) 
nAT  pAV  (1.01x10®Pa)(113x 10-6m3 — 63x 10-6m3) 


(c) Cy = Cp — R = (34.43 /mol- K) — (8.31 J/mol- K) = 26.1 J/mol - K. 


Cp 


= 34.4J/mol-K. 


E23-48 Constant Volume 

(a) Q = 3(3.15 mol)(8.31 J/mol - K)(52.0K) = 4080 J. 
(b) W=0. 
(c) AErming = 3(3.15 mol)(8.31 J/mol - K)(52.0 K) = 4080 J. 

Constant Pressure 

(a) Q = 4(3.15 mol)(8.31 J/mol - K)(52.0K) = 5450 J. 

(b) W = —pAV = —nRAT = —(3.15 mol)(8.31 J/mol - K)(52.0 K) = —1360 J. 
(c) AErming = 3(3.15 mol)(8.31 J/mol - K)(52.0 K) = 4080 J. 

Adiabatic 


. : eae — piVi)/(y-1) = nRAT/(y —1) = 3(3.15 mol)(8.31 J/mol - K)(52.0 K) = 4080 J. 
(c) AErmint = 3(3.15 mol)(8.31 J/mol - K)(52.0K) = 4080 J. 
P23-1 (a) The temperature difference is 
(5C° /9 F°)(72°F — —20°F) = 51.1C°. 
The rate of heat loss is 
= (1.0W/m- K)(1.4m?)(51.1 C°)/(3.0x 1073m) = 2.4 10*W. 
(b) Start by finding the R values. 
Rg = (3.0x107-3m)/(1.0 W/m - K) = 3.0x107*m? - K/W, 
R, = (7.5 107~7m) /(0.026W /m - K) = 2.88m? -K/W. 
Then use Eq. 23-5, 


(1.4m2) (51.1 C°) 


A — 
2(3.0x 108m? - K/W) + (2.88m?- K/W) 


=25W. 


Get double pane windows! 
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P23-2 (a) H = (428 W/m-K)(4.76x 10~4m?)(100C°) /(1.17m) = 17.4W. 
(b) Am/At = H/L = (17.4 W)/(333x10°J/kg) = 5.23x10~°kg/s, which is the same as 188 g/h. 


P23-3| Follow the example in Sample Problem 23-2. We start with Eq. 23-1: 


dT 
= kA— 
dr’ 
dT 
= k(4nr7)— 
(4?) —, 
rT2 d T2 
i HH = i kdT, 
re Arr Tr, 
A 1 1 
ne ( im ) = k(Ti = 45); 
pt \T1 r2 
#(2—7) = 4nk(T; — Tp), 
T1772 
H = A4rk(T, = T2)rire 


T2 —T1 


P23-4 (a) H = (54x 10-3W/m?)47(6.37 x 108m)? = 2.8x 10!3W. 
(b) Using the results of Problem 23-3, 


(2.8 x 10!3W) (6.37 x 108m — 3.47 x 10%m) 


= = 7.0x10*C°. 
4 (4.2 W/m - K)(6.37 x 10®m) (3.47 x 10°m) ms 


Since T, = 0°C, we expect T; = 7.0 10*C°. 


P23-5 Since H = —kAdT/dx, then Hdx = —aT dT. H is a constant, so integrate both side 


according to 
[Hae = - farar, 
AL 


1 

= -a5(T? - 7), 
aA 

(so ap it ~ 72). 


P23-6 Assume the water is all at 0°C. The heat flow through the ice is then H = kAAT/z; the 
rate of ice formation is Am/At = H/L. But Am = pAAz, so 


Ag H — kAT 
At 


pAL pLa’ 


(1.7W/m-K)(10C°) 


= 1.11x107°m/s. 
(920 kg/m?) (333 x 10°J /kg)(0.05 m) RS IS 


That’s the same as 0.40 cm/h. 


P23-7| (a) Start with the heat equation: 


Q,+Q:+ Qy =0, 
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where @, is the heat from the tea, Q; is the heat from the ice when it melts, and Qy is the heat 
from the water (which used to be ice). Then 


meer (Ls — Tei) + mle + My cy (LT — Twi) = 9, 


which, since we have assumed all of the ice melts and the masses are all equal, can be solved for T’ 
as 
ie = cli a Cwl wi = oy 
Ct + Cw 
(4190J/kg - K)(90°C) + (41903 /kg - K)(0°C) — (333 x 10°J/kg) 
(41903 /kg - K) + (4190J/kg - K) , 


5.3°C. 


I 


(b) Once again, assume all of the ice melted. Then we can do the same steps, and we get 


tf = cli + Cwl'w,i — ea 
Ct + Cw 
(4190 /ke - K)(70°C) + (4190J /kg - K)(0°C) — (333 x 103J/kg) 


(4190J/kg - K) + (4190J/kg - K) 


= —4,7°C. 


So we must have guessed wrong when we assumed that all of the ice melted. The heat equation 
then simplifies to 

mece(T's — Tei) + mL, = 0, 
and then 


meer (L i _ Tr) 
I¢ , 
(0.520 kg)(4190J /kg - K)(90°C — 0°) 
(333 x 103J/kg) 
= 0.458ke. 


My 


P23-8 c= Q/mAT = H/(Am/At)AT. But Am/At = pAV/At. Combining, 


H (250 W) 


= = 2.4x10°J/kg - K. 
(AV/At)pAT — (8.2x10-6m3/s) (0.85 x 10°kg/m3)(15 0°) a 


C= 


P23-9 (a) n= Na4/M, so 


(2256 x 103J/kg) 3A 
= = . 1 . 
-— eM O0lskam) 
(b) Eay = 3kT, so 
€ 2(6.75 x 107 7°J) 467 


Ew  3(1.38x10-28J/K)(305 K) 


P23-10 Qy+Q: = 0, so 
CAT, + My Cw (Tt - T;) = 0, 
or 
(0.3 kg) (4190 J/kg - m)(44.4°C) + (46.1 J/K)(44.4°C — 15.0°C) 


= 45.5°C. 
(0.3kg)(4190 J/kg - m) 


T; = 
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P23-11|) We can use Eq. 23-10, but we will need to approximate c first. If we assume that the 
line is straight then we use c= mT + 6. I approximate m from 


(14J/mol - K) — (3 J/mol - K) 4 
= = 3.67 10-2J/mol. 
os (500 K) — (200 K) * pe 


Then I find b from those same data points, 
b = (3J/mol - K) — (3.67 x 10775 /mol) (200 K) = —4.34 J/mol - K. 


Then from Eq. 23-10, 


T¢ 


= nf (mT + b) dT, 
i 


T 
—) nN er + v7 , ) 


i 


m 
= n(S(re T;2) + b(T; T1)), 
3.67 x 10-2J /mol) 
D 


= (0.45mol) ( ( ((500 K)? — (200 K)?) 


+ (—4.34 J/mol - K)(500 K — 200K)), 
= 1.15x10°J. 


P23-12 6Q=nCOT, so 


Q = n/ Caf, 
= n[(0.318 J/mol - K?)T?/2 — (0.00109 J/mol - K?)T?/3 — (0.628 J/mol - K)T]-0 
n(645.8 J/mol). 
Finally, 


Q = (645.8 J/mol)(316 g)/(107.87 g/mol) = 189 J. 


P23-13  TV7~! is a constant, so 


Tp = (292 K)(1/1.28)%-40-1 = 265K 


P23-14 W=-— [pdV, so 


nRT an? 
= | a | av, 
aif 
an 
oo ARP = wb) = 
nRT In(V — nb) v |,’ 
Ves et ly 4d 
EE aaape (7 7) 
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P23-15| When the tube is horizontal there are two regions filled with gas, one at pi, V1,i; the 
other at poi, Voi. Originally pi; = po; = 1.01x10°Pa and V;; = V2; = (0.45m)A, where A is the 
cross sectional area of the tube. 

When the tube is held so that region 1 is on top then the mercury has three forces on it: the 
force of gravity, mg; the force from the gas above pushing down po A; and the force from the gas 
below pushing up pi,¢A. The balanced force expression is 


pis A = posrA + mg. 
If we write m = pl,,A where |, = 0.10 m, then 


pit = pat + pglm- 


Finally, since the tube has uniform cross section, we can write V = Al everywhere. 
(a) For an isothermal process pjl; = pels, where we have used V = Al, and then 


li loi 
Pic — P21 = pGglm. 
lis log 


But we can factor out pj = po; and 1, ; = 124, and we can apply J1,¢ + lo¢ =0.90m. Then 


i 1 Pl 


le 0.90m—lye pili’ 


Put in some numbers and rearrange, 
0.90m — 21, ¢ = (0.294m™~")l; ¢(0.90m — 11 ¢), 
which can be written as an ordinary quadratic, 
(0.294 m~")ly ¢? — (2.265)l1.¢ + (0.90m) = 0 


The solutions are l,,, = 7.284m and 0.421m. Only one of these solutions is reasonable, so the 
mercury shifted down 0.450 — 0.421 = 0.029 m. 

(b) The math is a wee bit uglier here, but we can start with pjl;? = pels?, and this means that 
everywhere we had a /; ¢ in the previous derivation we need to replace it with 1,¢7. Then we have 


1 u — Pglm 
Uy 67 (0.90m _ lis)? piliy ; 


This can be written as 
(0.90 m = lus)? = lg? = (0.404 m7)l, ¢7(0.90 m cor L(O.1£)7, 


which looks nasty to me! I’ll use Maple to get the answer, and find 1; ¢ = 0.429, so the mercury 
shifted down 0.450 — 0.429 = 0.021 m. 

Which is more likely? Turn the tube fast, and the adiabatic approximation works. Eventually 
the system will return to room temperature, and then the isothermal approximation is valid. 


P23-16 Internal energy for an ideal diatomic gas can be written as 
5 5 
Ein = rusias = aPV; 
simply by applying the ideal gas law. The room, however, has a fixed pressure and volume, so the 


internal energy is independent of the temperature. As such, any energy supplied by the furnace 
leaves the room, either as heat or as expanding gas doing work on the outside. 
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P23-17 The speed of sound in the iodine gas is 
v = fA = (1000 Hz)(2 x 0.0677 m) = 135 m/s. 


Then ; i , : 
M 12 1 
pes ae n(0.127 kg /mol) (135 m/s) = n(0.696). 
RT (8.31 J/mol - K)(400 K) 
Since y is greater than one, n > 2. If n = 2 then y = 1.39, which is consistent; if n = 3 then 
7 = 2.08, which is not consistent. 
Consequently, iodine gas is diatomic. 


P23-18 W =—-Q=mL = (333x 1085 /kg)(0.122kg) = 4.06 x 104J. 


P23-19 (a) 

Process AB 

Q= 3(1.0 mol)(8.31 J/mol - K)(300 K) = 3740 J. 

W =0. 

AEin = Q + W = 3740J. 

Process BC 

Q=0. 

W = (pV — iV) /(y — 1) = nRAT/(y — 1) = (1.0 mol)(8.31 J /mol - K)(—145 K)/(1.67 — 1) = 
—1800 J 

AEin = Q+W = —1800 J. 

Process AB 

Q = 3(1.0 mol)(8.31 J/mol - K)(—155K) = —3220J. 

W =—pAV = —nRAT = —(1.0 mol)(8.31 J/mol - K)(—155 K) = 1290 J. 

AEFin, = Q+W = 1930 J. 

Cycle 

Q = 520J; W = —510J (rounding error!); AF ing = 10 J (rounding error!) 


P23-20 


P23-21 p- = (16.0 atm)(50/250)!4° = 1.68 atm. The work done by the gas during the expansion 
is 


WwW 


[piVi — peVe]/(y — 1), 
(16.0 atm)(50.x 10-6m) — (1.68 atm)(250x 10-6m3) 


(1.40) 1 (1.01 x 10°Pa/atm), 


= 96.0J. 


This process happens 4000 times per minute, but the actual time to complete the process is half of 
the cycle, or 1/8000 of a minute. Then P = (96 J)(8000)/(60s) = 12.8x 10°W. 
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E24-1]| For isothermal processes the entropy expression is almost trivial, AS = Q/T, where if Q 
is positive (heat flow into system) the entropy increases. 
Then Q = TAS = (405 K)(46.2 J/K) = 1.87x104J. 


E24-2 Entropy is a state variable and is path independent, so 
(a) ASab,2 = ASab,1 = +0.60 J/K, 
(b) ASta2 = —ASab.2 = —0.60I/K, 


E24-3 (a) Heat only enters along the top path, so 
Qin = TAS = (400K)(0.6 J/K — 0.1J/K) = 200 J. 
(b) Heat leaves only bottom path, so 
Qout = TAS = (250K)(0.1J/K — 0.6J/K) = —125 J. 
Since Q + W = 0 for a cyclic path, 


W = -Q = —[(200 J) + (—125J)] = —75 J. 
E24-4 (a) The work done for isothermal expansion is given by Eq. 23-18, 


W = —(4.00 mol)(8.31 J/mol - K)(410 K) In = —1.69x104J. 


3.45V, 
V, 


1 


(b) For isothermal process, Q = —W, then 
AS = Q/T = (1.69 1043) /(410K) = 41.2/K. 


(c) Entropy change is zero for reversible adiabatic processes. 


E24-5| (a) We want to find the heat absorbed, so 


Q = mcAT = (1.22kg) (387 J/mol - K) ((105°C) — (25.0°C)) = 3.77 x 104J. 


(b) We want to find the entropy change, so, according to Eq. 24-1, 


AS = ‘i as 


Tt medT 
Te 


= In —. 
ND ae 


The entropy change of the copper block is then 


(378 K) 
(298 K) 


ik 
AS = meln = (1.22kg)(387 J/mol - K) In = 112J/K. 


E24-6 AS=Q/T=mL/T, so 


AS = (0.001 kg) (—333 x 10°J/kg) /(263 K) = —1.27J/K. 


302 


E24-7 Use the first equation on page 551. 


AS (24J/K) 7 
a RV): Gallo Ryne as). mol, 


E24-8 AS =Q/T.—Q/Tn. 


(a) AS = (260 J)(1/100 K — 1/400 K) = 1.95 J/K. 
(b) AS = (260 J)(1/200K — 1/400 K) = 0.65 J/K. 
(c) AS = (260J)(1/300 K — 1/400 K) = 0.217 J/K. 
(d) AS = (260 J)(1/360K — 1/400 K) = 0.0722 J/K. 


E24-9]| (a) If the rod is in a steady state we wouldn’t expect the entropy of the rod to change. 
Heat energy is flowing out of the hot reservoir into the rod, but this process happens at a fixed 
temperature, so the entropy change in the hot reservoir is 


Qu (—1200J) 
Su= 7 (403K) / 
The heat energy flows into the cold reservoir, so 
Qu (12003) 
ASc == = 4.04 J/K. 
Os (207) / 


The total change in entropy of the system is the sum of these two terms 
AS = ASy + ASc = 1.06 5/K. 
(b) Since the rod is in a steady state, nothing is changing, not even the entropy. 
E24-10 (a) Q.+Q) = 0, so 
mC (T —T.) + me(T —T)) = 0, 


which can be solved for T to give 


p — (0.05kg)(387 J/kg -K)(400 K) + (0.10 kg) (129 J/kg K)(200K) _ aon 
- (0.05 kg) (387 J/kg - K) + (0.10kg) (129 J/kg - K) a 
(b) Zero. 
(c) AS = mclnT;/T;, so 
AS = (0.05kg)(387 J/kg - K) In oa = + (0.10 kg)(129 J/kg K) In on = = LTB I/K. 


E24-11] The total mass of ice and water is 2.04 kg. If eventually the ice and water have the same 
mass, then the final state will have 1.02 kg of each. This means that 1.78kg — 1.02kg = 0.76kg of 
water changed into ice. 

(a) The change of water at 0°C to ice at 0°C is isothermal, so the entropy change is 


Q -—mL  (0.76kg)(333x10°J/kg) 
Oe cep (273K) ila 


(b) The entropy change is now +927 J/K. 
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E24-12 (a) Qa t+ Qw =0, so 
MaCa(T — T,) + Mwew(T — Ty) = 9, 
which can be solved for T to give 


7 — (0-196 kg) (900 J/kg -K)(380K) + (0.0523 kg)(4190 J/kg -K)(292K) _ ya, 4 
= (0.196 kg) (900 J/kg - K) + (0.0523 kg) (4190 J/kg - K) ~ 


That’s the same as 58°C. 
(b) AS = mclnT;/T;, so 


(331 K) 
AS, = (0.196 kg)(900 J/kg - K)1 = —-24.4J/K. 
( 8)(900 J/kg - K) " (380K) / 
(c) For the water, 
(331 K) 
0523 kg) (41 kg- K)1 = 27.5 J/K. 
(0.0523 kg) (4190 J/kg - K) ” (92K) 7.5 5/ 


(d) AS = (27.5J/K) + (—24.4J/K) = 3.1J/K. 


E24-13 (a) e=1— (36.23/52.4J) = 0.309. 
(b) W = Qu — Qe = (52.45) — (36.2) = 16.2. 


E24-14 (a) Qy = (8.18 kJ)/(0.25) = 32.7 kJ, Qo = Qu — W = (32.7 kJ) — (8.18 kJ) = 24.5 kJ. 
(b) Qn = (8.18 kJ)/(0.31) = 26.4kJ, Qo = Qn — W = (26.4 kJ) — (8.18 kJ) = 18.2 kJ. 


E24-15} One hour’s worth of coal, when burned, will provide energy equal to 


(382 x 10*kg) (28.0 x 10°J/kg) = 1.07 10'8J. 
In this hour, however, the plant only generates 
(755 x 10° W) (3600 s) = 2.72 10!7J. 


The efficiency is then 
e= (2721073) / (007 «10 J) 25.4%, 


E24-16 We use the convention that all quantities are positive, regardless of direction. Wa = 5W3; 
Qia = 3Qip; and Qo,a = 2Qo,8. But Wa = Qi,a — Qo,a, 80 


SWB = 3Qi.B — 2QoB, 


or, applying Wp = Qip—- Qop; 


5Wp = 30:3 — 2(Qip— Ws), 
3Wp = Qip, 
W3/Qip = 1/3=ep. 


Then 
Wa 5BWp 51 = 5 


Qa 3Qin 33 9 


CA 
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E24-17 (a) During an isothermal process W = —Q = —2090J. The negative indicates that the 
gas did work on the environment. 
(b) The efficiency is e = 1 — (297K) /(412 K) = 0.279. Then 


Qo = Qi(1 — e) = (2090 J)[1 — (0.279)] = 1510 J. 


Since this is rejected heat it should actually be negative. 
(c) During an isothermal process W = —Q = 1510 J. Positive indicates that the gas did work on 
the environment. 


E24-18 1—e=T,/Ty, or T. = Ty (1 —e). The difference is 
ATO Tet. a ie. 
so Ty, = (75 C?) /(0.22) = 341K, and 
T. = (341K) [(1 — (0.22)] = 266K. 


E24-19| The BC and DA processes are both adiabatic; so if we could find an expression for work 
done during an adiabatic process we might be almost done. But what is an adiabatic process? It is 
a process for which Q = 0, so according to the first law 


AEF int =W. 


But for an ideal gas 
AE int — nCy AT, 


as was pointed out in Table 23-5. So we have 


and since the adiabatic paths BC and DA operate between the same two isotherms, we can conclude 
that the magnitude of the work is the same for both paths. 


E24-20 (a) To save typing, assume that all quantities are positive. Then 
e) =1-T)/Th, 
W, = e1Q, and Q2 = Q; — W,. Not only that, but 
By st 
and W2 = e2Q2. Combining, 
a, Wat We eit e2(Qi — Wi) 


=e; + eo(1 — e1) = 1 + €2 — e120, 


Q1 Q1 
i T: T: T: T: T: T: 
ory 244 34 2 3 oy 3 
Fs Ti * T = Ti + Tg Ty Ty 


(b) e = 1 — (311 K)/(742K) = 0.581. 


E24-21 (a) p2 = (16.0 atm)(1/5.6)39) = 1.62 atm. 
(b) T2 = T,(1/5.6)"49)—-1 = (0.567)T}, so 


e = 1 — (0.567) = 0.433. 
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E24-22 (a) The area of the cycle is AVAp = poVo, so the work done by the gas is 
W = (1.01 x 10°Pa)(0.0225 m?) = 2270 J. 
(b) Let the temperature at a be T,. Then 


Ty = Ta(Vo/Va)(p5/Pa) = 2Ta. 


Let the temperature at c be T,. Then 


To = Ta(Ve/Va)(Pe/Pa) = 4T,. 


Consequently, AT,, = T, and AT, = 2T,. Putting this information into the constant volume and 
constant pressure heat expressions, 


3 3 3 
ab— = RAT, oa RT, — Mas 
Qab 5” b= 5? 5P 


and 5 5 
Qe = gh RAT. = a h2te = 5DaVa; 
so that Qac => #poVo, or 


1 
i= S101 x 10° Pa) (0.0225 m) = 1.48 x 10*J. 


(c) e = (2270 J) /(14800 J) = 0.153. 
(d) eg =1— (T,/4T,) = 0.75. 


E24-23| According to Eq. 24-15, 


TL (261 K) 


K — = 
Tx —T, (299K) — (261K) 


= 6.87 


Now we solve the question out of order. 
(b) The work required to run the freezer is 


|W] = |Qx|/& = (185 kJ)/(5.70) = 32.5 kJ. 
(a) The freezer will discharge heat into the room equal to 


|Qr| + |W] = (185 kJ) + (32.5 kJ) = 218 kJ. 


E24-24 (a) K =|Qz|/|W| = (568J)/(153 J) = 3.71. 
(b) |Qu| = |Qz| + |W| = (568 J) + (153) = 721 J. 


B24-25 K =T1/(Tx — Tr); |W| = |Qx|/K = |Qzr|(Tx/Tx — 1). 
(a) |W = (10.03)(300 K/280K — 1) = 0.7143. 


(b) |W] = (10.0J)(300 K/200K — 1) = 5.00J. 
(c) |W] = (10.0 J)(300K/100K — 1) = 20.03. 
(d) |W| = (10.0J)(300 K/50K — 1) = 50.0. 


E24-26 Kk =T,/(Ty — Tr); |W] = |Qz|/K = |Qzr|(Tn/Tr — 1). Then 


\Qu| = |Qz| + |W] = |Qx|(Tx/Tz) = (0.150 J)(296 K/4.0K) = 11 J. 
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E24-27| We will start with the assumption that the air conditioner is a Carnot refrigerator. 
K =T,/(Tp — Tz); |W| = |Q@z|/K = |Qr\(TH/Tz. — 1). For fun, Pll convert temperature to the 
absolute Rankine scale! Then 


\Qr| = (1.0 J) /(555°R/530°R — 1) = 21J. 
E24-28 The best coefficient of performance is 
K,. = (276K)/(308 K — 276K) = 8.62. 
The inventor claims they have a machine with 
K = (20 kW — 1.9kW)/(1.9 kW) = 9.53. 


Can’t be done. 


E24-29 (a) e = 1 — (258K/322K) = 0.199. |W] = (568 J) (0.199) = 113J. 
(b) K = (258K) /(322K — 258K) = 4.03. |W| = (1230 J)/(4.03) = 305 J. 


E24-30 The temperatures are distractors! 
|W] = |Qa| — |Qz| = |Qu| — KW, 


si \W| = |Qu|/(1+ K) = (7.6 MJ)/(1 + 3.8) = 1.58 MJ. 


Then P = (1.58 MJ)/(3600s) = 440 W. 
E24-31 K = (260K)/(298K — 260K) =6.8. 


E24-32 K = (0.85)(270K) /(299K-270K) = 7.91. In 15 minutes the motor can do (210 W)(900s) = 
1.89x10°J of work. Then 


|Qz| = K|W| = (7.91)(1.89x 10°J) = 1.50 10°J. 


E24-33| The Carnot engine has an efficiency 


Se eee al 
T, |Qi| 
The Carnot refrigerator has a coefficient of performance 
_ Tf _ 1Qal 
T3-T, |W 


Lastly, |Q4| = |Q3| — |W]. We just need to combine these three expressions into one. Starting with 


the first, and solving for |W], 
T; — T2 
= ‘4 
Ww = ajo 


Then we combine the last two expressions, and 


Ts _ |Qs|-|W] _ |Qsl 


= = 1. 
T3 — T4 |W| |W | 
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Finally, combine them all, 
Tr _ 1Q3| Th 
T3—Ts  |Qi| Ti — Te 


Now, we rearrange, 


IQs) ( Ty 1) 2% 
1Q1| ‘a 


_ T3 T, — To 
— ATs = Ty T° 


(1-7/7) )/C.—TafTs). 


I 


E24-34 (a) Integrate: 
N 
inns [ Inedx=NInNN-N+12NiInN-N. 
1 


(b) 91, 752, and about 615,000. You will need to use the Stirling approximation extended to a 
double inequality to do the last two: 


J2anth/2——nt1/(1an+1) <nl< JV2anth/2e—nt1/ (lan) 


E24-35| (a) For this problem we don’t care how the particles are arranged inside a section, we 
only care how they are divided up between the two sides. 

Consequently, there is only one way to arrange the particles: you put them all on one side, and 
you have no other choices. So the multiplicity in this case is one, or w; = 1. 

(b) Once the particles are allowed to mix we have more work in computing the multiplicity. 
Using Eq. 24-19, we have 


NI ON! 
(N/2)!(N/2)!— ((N/2)!)? 


(c) The entropy of a state of multiplicity w is given by Eq. 24-20, 


W2 = 


S=kinw 


For part (a), with a multiplicity of 1, S; = 0. Now for part (b), 


N! 
S_ = kin | ———., | = kln NM! — 2k In(N/2)! 
(ans 


and we need to expand each of those terms with Stirling’s approximation. 
Combining, 


So 


=k(NInN — N) — 2k ((N/2) n(V/2) — (N/2)), 
= kNinN-kN-—kNInN+kNIn2+KkN, 
kN In2 


I 


Finally, AS = Sy — S$; = kN In2. 
(d) The answer should be the same; it is a free expansion problem in both cases! 
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P24-1| We want to evaluate 


T¢ 
ee is if nC, = 


+ i nAT? dT 
T; T ; 
Ts 

= | nAT? dT, 


£5 


ne (T;° — T;°). 


Into this last expression, which is true for many substances at sufficiently low temperatures, we 
substitute the given numbers. 


(4.8 mol)(3.15 x 10-°J/mol - K*) 
3 


AS = ((10K)? — (5.0K)?) = 4.41x1077J/K. 


P24-2 


P24-3 (a) Work is only done along path ab, where Wa, = —pAV = —3ppAVo. So Wate = —3p0Vo. 
(b) AE foe = 3n RAT e, with a little algebra, 


AF ntoe = : 


3 3 
5 (rR — nRTp) = =(peVe — poVb) = 58 — 4)poVo = 6poVo- 


2 
ASbe = 3nR In(T./T,), with a little algebra, 
3 3 
ASpe = gr ln(pe/Pe) = grin 2. 
(c) Both are zero for a cyclic process. 


P24-4 (a) For an isothermal process, 
p2 = pi(Vi/V2) = pi/3. 
For an adiabatic process, 
p3 = pi(Vi/V2)? = pi(1/3)** = 0.215p,. 
For a constant volume process, 
T3 = To(p3/p2) = Ty (0.215/0.333) = 0.6467}. 
(b) The easiest ones first: AF intj2 = 0, W23 = 0, Q31 = 0, AS3; = 0. The next easier ones: 
AF\nt3 = > nRAT2s = > nR(0.6467; — T,) = —0.885p1V1, 


Qo3 = AF int23 — Wo3 = —0.885pi Vi, 
AFint3i = —AEint23 — AEjnti2 = 0.885p1Vi, 
W31 = AFint31 — Q31 = 0.885p1 Vj. 
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Finally, some harder ones: 
Wie — —nRT;, In(V2/Vi) = —piV In(3) = —1.10p. Vi, 


Qi2 = AFinti2 — Wig = 1.1091 V1. 


And now, the hardest: 
AS\2 = Qi2/Ti — 1.10nR, 


AS93 = —AS}j2 = AS3, = —1.10nR. 


P24-5 Note that TA = Tp = To /4 = Tp. 

Process I: ABC 

(a) Qap = —Wap = nRTp In(Ve/Va) = poVoln2. Qac = 3nR(Tc — Tp) = 3(pcVc — peVe) = 
3(4poVo — poVo) = 4.5p0Vo. 

(b) Wap = —nRTo In(Vp/Va) = —poVo In2. Wee = 0. 

(c) Eint = 3nR(To — Ta) = 3(poVe — paVa) = $(4p0V0 — poVo) = 4.5p0Vo. 

(d) ASap = nRIn(Vp/Va) = nRIn2; ASgc = 3nRIn(Tc/Tp) = 3nRin4 = 3nRIn2. Then 
ASie =4AR. 

Process II: ADC 

(a) Qap = —Wap = nRT)n(Vp/Va) = —poVoln2. Qoc = 3nR(To — Tp) = 3(peVe - 
poVp) = 3(4p0Vo — poVo) = 10poVo. 

(b) Wap = —nRTp In(Vp/Va) = poVo n2. Woo = —pAV = —po(2Vo — Vo/2) = —3poVo. 

(c) Ent = 3nR(To — Ta) = 3(p0Ve — paVa) = 3(4p0Vo — poVo) = 4.5p0Vo. 

(d) AS4p = nRIn(Vp/Va) = —nRIn2; ASpc = 3nRIn(Tc¢/Tp) = 3nRin4 = 5nRIn2. Then 
ASac = 4nR. 


P24-6 The heat required to melt the ice is 


Q = M(CwATo3 + DL + GAT\2), 
(0.0126 kg) (4190 J/kg - K)(15 C°) + (333 x 103J/kg) + (2220 J/kg - K)(10C°)}, 
5270 J. 


I 


The change in entropy of the ice is 


AS; = mcwln(T3/T2) + L/T2 + Gj In(T2/T1)), 
= (0.0126kg)[(4190J/kg-K) In(288/273) + (333 x 10°J/kg)/(273K), 
+(2220J /kg-K) In(273/263)], 
= 19.24J/K 


The change in entropy of the lake is AS; = (—5270 J) /(288 K) = 18.29 J/K. The change in entropy 
of the system is 0.95 J/kg. 


P24-7/ (a) This is a problem where the total internal energy of the two objects doesn’t change, 
but since no work is done during the process, we can start with the simpler expression Q | + Q2 = 0. 
The heat transfers by the two objects are 


Qi: = ma(T1-T1,), 
Qe = mece(T2 —T2;). 


Note that we don’t call the final temperature 7 here, because we are not assuming that the two 
objects are at equilibrium. 
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We combine these three equations, 


M2¢2(T2-T2i) = -mici(T1 —T1,), 
mMee2T2 = mece2T2i+mica(T1;—-T1), 
mic 
Tz = Toit * * (Ti = 75) 
™m2C2 


As object 1 “cools down”, object 2 “heats up”, as expected. 
(b) The entropy change of one object is given by 


Ts medT _ Tr 


AS = a T See 


and the total entropy change for the system will be the sum of the changes for each object, so 


AS = mc, ln 


T 


1 
+ MoCo In 
Ti 2C2 


i,2 
Into the this last equation we need to substitute the expression for T> in as a function of T,. There’s 
no new physics in doing this, just a mess of algebra. 

(c) We want to evaluate d(AS)/dT,. To save on algebra we will work with the last expression, 
remembering that T> is a function, not a variable. Then 


d(AS) _ MIC, | ™m2C2 dT» 
dT, 7 T To aT, 


We've saved on algebra, but now we need to evaluate dT>/dT,. Starting with the results from part 


(a), 


dT d myC1 
—_— «= -—(T5; ™%1,-T ' 
dT, dT, ( a C2 ( : W) 
= My1Cy, 
— m2C2 
Now we collect the two results and write 
d(AS) 4 MIC, F ™m3C2 MIC, 
dT, Se mM2C2 


1 1 
= me{(—-—}). 
al 
We could consider writing T out in all of its glory, but what would it gain us? Nothing. There is 
actually considerably more physics in the expression as written, because... 


(d) ...we get a maximum for AS when d(AS)/dT, = 0, and this can only occur when T, = T2 
according to the expression. 


P24-8 T; = (10.4 x 1.01 x 10°Pa)(1.22 m?)/(2 mol)(8.31 J/mol - K) = 7.71 x 10*K. Maybe not so 
realistic? T,, can be found after finding 


Pe = py(Vb/Ve)? = (10.4 x 1.01 x 10°Pa)(1.22/9.13)1*” = 3.64 x 104Pa, 


Then 
Ta = Th(pa/po) = (7.71 x 104K) (3.64 x 104/1.05 x 10°) = 2.67 x 10°K. 
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Similarly, 
T. = Ta(Ve/Va) = (2.67 x 103K) (9.13/1.22) = 2.00 10*K. 


(a) Heat is added during process ab only; 


Qab = snR(Ts T,) = 5 (2 mol)(8.31 J/mol - K)(7.71 x 10*K — 2.67 x 10K) = 1.85 x 10°J. 
(b) Heat is removed during process ca only; 


2 mol) (8.31 J/mol - K)(2.67 x 10°K — 2.00 10*K) = —0.721 x 10°J. 


5 5 
Qea = 30R(Ta — Te) = 5( 


(c) W = |Qav| — |Qeal = (1.85 x 10°J) — (0.721 x 106J) = 1.13 x 108J. 
(d) e = W/Qap = (1.13 108) /(1.85 x 10%) = 0.611. 


P24-9 The pV diagram for this process is Figure 23-21, except the cycle goes clockwise. 
(a) Heat is input during the constant volume heating and the isothermal expansion. During 


heating, 


Q= SnRAT = (1 mol) (8.31 J/mol - K)(600K — 300K) = 3740 J; 


During isothermal expansion, 
Qo = —W2 = nRT In(V¢/V;) = (1 mol)(8.31 J/mol - K)(600 K) In(2) = 3460 J; 


so Qin = 7200 J. 
(b) Work is only done during the second and third processes; we’ve already solved the second, 
W2 = —3460 J; 


W3 = —pAV = paVe — paVa = NR(Te — Ta) = (1 mol) (8.31 J/mol - K)(600 K — 300 K) = 2490 J; 
So W = —970J. 
(c) e = |WI/|Qin| = (970 J) /(7200 J) = 0.13. 
P24-10 (a) Ty = Ta(po/Pa) = 3Ta; 
DE Vie) MS BT pay = er 
Pe = Po(Vo/Ve)? = 3pa(1/4)** = 0.430pa; 
Te Tai Va) OSAP S aT 
Pa = Pa(Va/Va)? = pa(1/4)'* = 0.144p,. 


(b) Heat in occurs during process ab, so Qi = 3nRATap = 5nRT,; Heat out occurs during 
process cd, so Qo = 3nRAT,q = 2.87nRT,. Then 


e =1 - (2.87nRT,/5nRT,) = 0.426. 


P24-11 (c) (Ve/Va) = (pa/pp) = (0/0.5) = 2. The work done on the gas during the isothermal 
compression is 


W = —nRT In(Vp/Va) = —(1 mol)(8.31 J/mol - K)(300 K) In(2) = —1730 J. 


Since AF jy, = 0 along an isotherm Qy = 1730 J. 
The cycle has an efficiency of e = 1 — (100/300) = 2/3. Then for the cycle, 


W = eQn = (2/3)(1730 J) = 1150J. 
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E25-1] The charge transferred is 


Q = (2.5 x 10* C/s)(20 x 107° s) = 5.0 x 1071 C. 


E25-2 Use Eq. 25-4: 


(8.99 x 109N-m2/C2) (26.3 x 10-6C) (47.1 x 10-6C) 
i (5.66N) oe 
E25-3 Use Eq. 25-4: 
ON 2/12 -6 -6 
p — (8.99 10°N-m?/C?) (3.12 107°C) (1.48x10-°C) _ 


(0.123 m)? 
E25-4 (a) The forces are equal, so mj a, = m2ag, or 
mz = (6.31 10~"kg) (7.22 m/s”) /(9.16 m/s”) = 4.97107 "kg. 


(b) Use Eq. 25-4: 


(6.31 x 10-*kg) (7.22 m/s?) (3.20 x 108m)? a 
7 = 7.20x1 
: i (8.99 x 109N-m?/C?) 7.20x107''C 
E25-5| (a) Use Eq. 25-4, 
1 gig _ u (21.3 wC)(21.3 uC) _ eon 


~ 4mey v2, 4m (8.85x10-12C2/N-m2) _(1.52m)2 


(b) In part (a) we found Fiz; to solve part (b) we need to first find Fi3. Since gg = q2 and 
713 = 112, we can immediately conclude that Fi3 = Fi. 

We must assess the direction of the force of gz on qi; it will be directed along the line which 
connects the two charges, and will be directed away from q3. The diagram below shows the directions. 


F 


From this diagram we want to find the magnitude of the net force on qi. The cosine law is 
appropriate here: 


Foe? = F2, + Fe; — 2Fi2F 13080, 
= (1.77N)? + (1.77N)? — 2(1.77N)(1.77N) cos(120°), 
= 9.40N?, 

Fig: = SO7N. 


E25-6 Originally Fp = CQ? = 0.088N, where C is a constant. When sphere 3 touches 1 the 
charge on both becomes Qo/2. When sphere 3 the touches sphere 2 the charge on each becomes 
(Qo + Qo/2)/2 = 3Q0/4. The force between sphere 1 and 2 is then 


F = C(Qo/2)(3Qo/4) = (3/8)CQG = (3/8) Fo = 0.033 N. 


E25-7| The forces on q3 are Fai and Bay: These forces are given by the vector form of Coulomb’s 
Law, Eq. 25-5, 


BR, = 1 nm, _ 1 on, 
oF Arey 13, 3 Amey (24)? °™" 
RK - 2 BR, _ 1 SR, 
a Arey 135 $2" Amen (d)? *?" 


These two forces are the only forces which act on q3, so in order to have q3 in equilibrium the forces 
must be equal in magnitude, but opposite in direction. In short, 


Fs) = —F3, 

1 an, _ _ 1! &. 
Amey (2d)2°* Amey (d)2 °”’ 
Bis = —Piy. 

4 1 


Note that f3; and f32 both point in the same direction and are both of unit length. We then get 
qi = —4q@2. 


E25-8 The horizontal and vertical contributions from the upper left charge and lower right charge 
are straightforward to find. The contributions from the upper left charge require slightly more work. 
The diagonal distance is 2a; the components will be weighted by cos 45° = 2/2. The diagonal 
charge will contribute 


1 (q)(2q) V25 V2 le 


Fy = = ’ 
Are (2a)? 2 87€9 a? 

a 1 (q)(2q) V2; = V2 Os 

y ~~ 4 2 J ~~ gd: 
még (/2a)? 2 87E9 a 


(a) The horizontal component of the net force is then 


r. = aC); v2 7; 
* 4neg a? 87r€9 a2” 
44+ /2/2 q’: 

Ate a?” 


= (4.707)(8.99 x 109N - m?/C?)(1.13 x 10-°C)?/(0.152 m)?i = 2.34 Ni. 


(b) The vertical component of the net force is then 


Po. = 1 (D(29)5 V2 q: 
v Ate a? J (0) a 


—2+ V2/2 a 
879 ae? 
(—1.293)(8.99 x 10°N - m?/C?)(1.13 x 10-°C)?/(0.152 m)?j = —0.642 Nj. 
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E25-9 The magnitude of the force on the negative charge from each positive charge is 
F = (8.99 x 109N - m?/C?)(4.18 x 107°C) (6.36 x 107~°C) /(0.13 m)? = 14.1. 


The force from each positive charge is directed along the side of the triangle; but from symmetry 
only the component along the bisector is of interest. This means that we need to weight the above 
answer by a factor of 2 cos(30°) = 1.73. The net force is then 24.5 N. 


E25-10 Let the charge on one sphere be q, then the charge on the other sphere is Q = (52.6 x 
10~-°C) — q. Then 
1 
2 _ p 
Ateg r? 


(8.99 x 10°N-m?/C?)q(52.6 x 10~°C — q) 


(1.19 N)(1.94 m)?. 


l| 


Solve this quadratic expression for q and get answers q, = 4.02x 107°C and qz = 1.24x107®N. 


E25-11| This problem is similar to Ex. 25-7. There are some additional issues, however. It is 
easy enough to write expressions for the forces on the third charge 


= 1 gsm. 
F3, = Tnen 72, 3h 
Tg 131 
= 1 g3q2. 
F3. = Weegee 
TE 135 
Then 
F3, = —Fs2, 
1 gn. _ — 1 gm. 
Ate a = Ate ns 22 
1 . me q2 ; 
> 'l31 = — = Ps2 
ry "30 
The only way to satisfy the vector nature of the above expression is to have f3; = +f32; this means 


that q3 must be collinear with q,; and qa. g3 could be between q, and qo, or it could be on either 
side. Let’s resolve this issue now by putting the values for gq, and q2 into the expression: 


(1.07 pC) . (—3.28 pC)... 
— a F31 rn 2 
"31 32 
ros = (3.07)r3, f39. 


Since squared quantities are positive, we can only get this to work if f3; = f32, so q3 is not between 
qi and qz. We are then left with 

132 = (3.07)r31, 
so that q3 is closer to q, than it is to gg. Then r32 = r3, + r12 = 731 + 0.618m, and if we take the 
square root of both sides of the above expression, 


r31+(0.618m) = (3.07)raz, 
(0.618m) = /(3.07)rsi — rai, 
(0.618m) = 0.752rs31, 
0.822m = 131 


E25-12 The magnitude of the magnetic force between any two charges is kq?/a”, where a = 
0.153m. The force between each charge is directed along the side of the triangle; but from symmetry 
only the component along the bisector is of interest. This means that we need to weight the above 
answer by a factor of 2.cos(30°) = 1.73. The net force on any charge is then 1.73kq?/a?. 

The length of the angle bisector, d, is given by d = acos(30°). 

The distance from any charge to the center of the equilateral triangle is 2, given by x? = 
(a/2)? + (d—«)?. Then 

x =a’ /8d+ d/2 =0.644a. 


The angle between the strings and the plane of the charges is 0, given by 
sin @ = x/(1.17m) = (0.644)(0.153 m)/(1.17 m) = 0.0842, 


or 0 = 4.88°. 
The force of gravity on each ball is directed vertically and the electric force is directed horizontally. 
The two must then be related by 
tan 6 = Fp/Fe, 


sO 
1.73(8.99 x 10°N - m?/C?)q?/(0.153 m)” = (0.0133 kg) (9.81 m/s”) tan(4.83°), 


og 199 OC, 


E25-13] On any corner charge there are seven forces; one from each of the other seven charges. 
The net force will be the sum. Since all eight charges are the same all of the forces will be repulsive. 
We need to sketch a diagram to show how the charges are labeled. 


2 1 
O O 


Nye 


The magnitude of the force of charge 2 on charge 1 is 


2 
q 
2 


Fig = 
ATED T Yo 


where rj2 = a, the length of a side. Since both charges are the same we wrote q?. By symmetry we 
expect that the magnitudes of F\2, Fi3, and F\4 will all be the same and they will all be at right 
angles to each other directed along the edges of the cube. Written in terms of vectors the forces 


would be 


3 1 @; 
F — i 
i Atreg a? 
_ 1 @; 
F = sj 

13 Arey ae 
= 1 qe 
F a — 
= Atreg a? 
The force from charge 5 is 
F ie 
9 Ameo P35" 


and is directed along the side diagonal away from charge 5. The distance 115 is also the side diagonal 
distance, and can be found from 
ts = a? + a? = 2a’, 
then 
2 


La 
Fi5 = —— =>. 
- Atreg 2a? 
By symmetry we expect that the magnitudes of F\5, Fig, and F\7 will all be the same and they will 
all be directed along the diagonals of the faces of the cube. In terms of components we would have 


~ 1 A 
FR, = = (i +k 2) 
se Arey BF v2ik(V2 
= 1 
Bige Ss > (i +k 2) 
ie Ate DF /v2 [v2 
= 1 
Fy = ae 2+5/v2). 
mA Are oe [W2+3/v2 
The last force is the force from charge 8 on charge 1, and is given by 
1 2 
Fig = 
AT €9 Tig 


and is directed along the cube diagonal away from charge 8. The distance rig is also the cube 
diagonal distance, and can be found from 


rig =a +a" +a? = 3a’, 


then in term of components 


1 
Are a 3a2 
We can add the components together. By symmetry we expect the same answer for each com- 
ponents, so we'll just do one. How about i. This component has contributions from charge 2, 6, 7, 
and 8: 


coll 


5 (i/v3 Ly 34 k/v3). 


18 = 


i cg ¢ aes ) 
Ate, a 1 94/9 373)” 
1 ia 
An€9 a? 


or 


(1.90) 


The three components add according to Pythagoras to pick up a final factor of 3, so 


g 
Fret = (0.262) —,. 
€9a 


E25-14 (a) Yes. Changing the sign of y will change the sign of F,; since this is equivalent to 
putting the charge qo on the “other” side, we would expect the force to also push in the “other” 
direction. 

(b) The equation should look Eq. 25-15, except all y’s should be replaced by «’s. Then 


Sut qo 
— Ameo ay/ x2 + 12/4 


(c) Setting the particle a distance d away should give a force with the same magnitude as 


Fy 


Pe 1 qo q 
Are9 d\/d? + L?/4 
This force is directed along the 45° line, so F, = F'cos45° and Fy = F'sin 45°. 
(d) Let the distance be d = \/x? + y?, and then use the fact that F,,/F = cos@ = x/d. Then 


x 1 x2qog 
fF, =F-= ; 
d= Ameo (a? + y? + L? /4)3/2 
and ; 
r= F! Yd 


d Ane (x2 + y?2 + £2 /4)3/2° 


E25-15 (a) The equation is valid for both positive and negative z, so in vector form it would read 


1 qoqz + 


F=F.k= 
Arey (22 + R2)3/? 


(b) The equation is not valid for both positive and negative z. Reversing the sign of z should 
reverse the sign of F,, and one way to fix this is to write 1 = z/Vz?. Then 


= Fs 1 2q0 gz ( 1 1 ) Fs 
F=F.k= k. 
Vez V2? 


E25-16 Divide the rod into small differential lengths dr, each with charge dQ = (Q/L)dr. Each 
differential length contributes a differential force 


1 qdQ_ sl @ 
4neg r? A4nreg 72 


po = - be Gp, 
. Arey r2L 
1 qQ/l 1 
A4reg L € u+ 7) 
E25-17 You must solve Ex. 16 before solving this problem! qo refers to the charge that had been 
called q in that problem. In either case the distance from qo will be the same regardless of the sign 


of q; if q= Q then q will be on the right, while if g = —Q then gq will be on the left. 
Setting the forces equal to each other one gets 


8 (2 1 ) 1 qQ 


4neg L \ux xt Lb ~ Ameo 72” 


Integrate: 


zy 
I 


or 


r= V/a(at+ZL). 


E25-18 You must solve Ex. 16 and Ex. 17 before solving this problem. 

If all charges are positive then moving qo off axis will result in a net force away from the axis. 
That’s unstable. 

If g = —Q then both gq and Q are on the same side of gg. Moving qo closer to q will result in the 
attractive force growing faster than the repulsive force, so qo will move away from equilibrium. 


E25-19| We can start with the work that was done for us on Page 577, except since we are 
concerned with sin = z/r we would have 


1 qoAdz z 
Areg (y? + 27) \/y? + 22 


We will need to take into consideration that \ changes sign for the two halves of the rod. Then 


Fo= qor if. —zdz +f" +zdz 
* " Aneg —L/2 (y? + z2)3/2 6 (y2 + 22)3/2 }? 


god i zdz 
~ Bre Jy GEA 


L/2 


dF, = dF sin@ = 


dor —1 


27 €9 4 /y? — z2 


0 
-_ gor 1 1 
aren \y Vy + (L/2)? ] 
E25-20 Use Eq. 25-15 to find the magnitude of the force from any one rod, but write it as 


rp.—_ qQ 
Ameo ry/r? + L?/4’ 


where r? = z?+ L?/4. The component of this along the z axis is F, = Fz/r. Since there are 4 rods, 


we have 
1 qQz 1 qQz 


meg 724/72 + 22/4" Teo (22 + L?/4)\/2? + L?/2” 


Equating the electric force with the force of gravity and solving for Q, 


Q = TOT (22 4 12/4). / 2 + 12/2; 


qz 
putting in the numbers, 


(8.85 x 10-!2C2/N-m?)(3.46 x 10-7kg) (9.8m/s?) 
(2.45 x 10-!2C)(0.214 m) 


((0.214m)?+(0.25m)? /4) \/(0.214m)? + (0.25m)?/2 


so Q = 3.07x10-°C. 


E25-21] In each case we conserve charge by making sure that the total number of protons is the 
same on both sides of the expression. We also need to conserve the number of neutrons. 

(a) Hydrogen has one proton, Beryllium has four, so X must have five protons. Then X must be 
Boron, B. 

(b) Carbon has six protons, Hydrogen has one, so X must have seven. Then X is Nitrogen, N. 

(c) Nitrogen has seven protons, Hydrogen has one, but Helium has two, so X has 7+ 1—2=6 
protons. This means X is Carbon, C. 


E25-22 (a) Use Eq. 25-4: 
we (8.99 x 10°N-m?/C?)(2)(90) (1.60 x 10-18C)?__ Sani 
7 (12 x 10-15m)? 7 ; 


(b) a = (290 N)/(4)(1.66 x 10-2’kg) = 4.4 10?8m/s?. 


E25-23 Use Eq. 25-4: 
(8.99 x 109N-m?/C?) (1.60 x 10-!9C)? 


= = -9 
a (282 x 10-12m)? =2.89x107-°N. 
E25-24 (a) Use Eq. 25-4: 
(3.7x 10-9N) (5.0 x 10-19m)? - 
ne i (8.99 x 109N -m?/C?) = 3.20x 107°C. 


(b) N = (3.20x 10-19C)/(1.60 x 107 19C) = 2. 


E25-25] Use Eq. 25-4, 


— 1 ae ($1.6 x 107'9 C)($1.6 x 10719) 
~ Ame v2, 4r(8.85 x 10-12 C2/N - m2)(2.6 x 10-15 m) 


5 = 3.8N. 


E25-26 (a) N = (1.15x107’C)/(1.60x10-1!9C) = 7.19101". 
(b) The penny has enough electrons to make a total charge of —1.37x10°C. The fraction is then 


(1.15 x 107 *C) /(1.37x 10°C) = 8.40x 10718. 


E25-27 Equate the magnitudes of the forces: 
1 ¢ 
Atreg r2 


= mg, 


so 


=5.07m 


1», | (8-99 LOON-m?/C?) (1.60 x 10 19C)? 
7 (9.11 x 10-3!kg)(9.81 m/s?) 


E25-28 Q = (75.0kg)(—1.60x10~9C) /(9.11 x 10-34kg) = —1.3x10!3C. 


E25-29 The mass of water is (250 cm*)(1.00 g/cem®) = 250 g. The number of moles of water is 
(250 g)/(18.0 g/mol) = 13.9 mol. The number of water molecules is (13.9 mol) (6.02 10?2mol~') = 
8.37 x 1074. Each molecule has ten protons, so the total positive charge is 


Q = (8.37 x 1074) (10) (1.60 x 107 !9C) = 1.34x 10°C. 


E25-30 The total positive charge in 0.250kg of water is 1.34x107C. Mary’s imbalance is then 
1 = (52.0)(4) (1.34 x 107C) (0.0001) = 2.79 x 10°C, 

while John’s imbalance is 
q2 = (90.7)(4) (1.34 x 10°C) (0.0001) = 4.86 x 10°C, 

The electrostatic force of attraction is then 


— 1 ae 
4meg 2 


(2.79 x 10°) (4.86 x 10°) 


= 1.6x10!8N. 
(28.0 my2 * 


= (8.99 x 10°N - m?/C?) 


E25-31]| (a) The gravitational force of attraction between the Moon and the Earth is 


GMEMu 
ease 
where R is the distance between them. If both the Earth and the moon are provided a charge q, 
then the electrostatic repulsion would be 


1 ¢@ 
Fr= =. 
Ee reg R2 
Setting these two expression equal to each other, 
ma 
= GM;My, 
Ate 


which has solution 


q = vV4reoGMeMqm, 
= V Ar (8.85 x 10-12C2/Nmm2) (6.67 x 10-14 Nm2/ke”) (5.98 x 1024kg) (7.36 x 1022kg), 
= 5.71x108C. 


(b) We need 
(5.71 * 10'*'C)/(L.60 « 10" C) = 3.57: 10 


protons on each body. The mass of protons needed is then 
(3.57 x 108”)(1.67 x 107?’ kg) = 5.97 x 10° kg. 


Ignoring the mass of the electron (why not?) we can assume that hydrogen is all protons, so we 
need that much hydrogen. 


P25-1| Assume that the spheres initially have charges q; and q2. The force of attraction between 
them is 


1 
1= OP = -0.108N, 
TTEQ TT92 


where rj2 = 0.500m. The net charge is q; + q2, and after the conducting wire is connected each 
sphere will get half of the total. The spheres will have the same charge, and repel with a force of 


1 $(q + 42)$(q1 + a) 
Fh=7 : 
TTEQ TY92 


= 0.0360 N. 


Since we know the separation of the spheres we can find q; + gg quickly, 


g1 + 42 = 24) 4meor?,(0.0360N) = 2.00 nC 


We'll put this back into the first expression and solve for qo. 


_0.108N 1 (2.00 wC — q2)qa 


ATe€9 oe , 
~3.00 x 107 C? = (2.00 uC — qa) qo, 
0 = —¢2 + (2.00 wC)q2 + (1.73 wC)?. 


The solution is gg = 3.0 wC or gg = —1.0 uC. Then q; = —1.0 pC or q = 3.0 uC. 
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P25-2 The electrostatic force on Q from each q has magnitude qQ/47e€9a”, where a is the length 
of the side of the square. The magnitude of the vertical (horizontal) component of the force of Q on 
Q is V2Q?/167e9a?. 
(a) In order to have a zero net force on Q the magnitudes of the two contributions must balance, 
so 
Vv2Q?__ QQ 


16mé9a2— Arega’ 


or g = V2Q/4. The charges must actually have opposite charge. 
(b) No. 


P25-3/ (a) The third charge, g3, will be between the first two. The net force on the third charge 
will be zero if 


1 qa _ 1 4943 
Ameg 73, Ameg rq” 


which will occur if 
1 2 


T31 132 
The total distance is L, so r31 + 732 = L, or r31 = L/3 and r32 = 21/3. 

Now that we have found the position of the third charge we need to find the magnitude. The 
second and third charges both exert a force on the first charge; we want this net force on the first 
charge to be zero, so 

1 qq 1 q4q 


OnF oa ee 
AT €9 Tis ATED TYo 


or 
ee! 
(L/3)? LD?” 

which has solution g3 = —4q/9. The negative sign is because the force between the first and second 


charge must be in the opposite direction to the force between the first and third charge. 

(b) Consider what happens to the net force on the middle charge if is is displaced a small distance 
z. If the charge 3 is moved toward charge 1 then the force of attraction with charge 1 will increase. 
But moving charge 3 closer to charge 1 means moving charge 3 away from charge 2, so the force of 
attraction between charge 3 and charge 2 will decrease. So charge 3 experiences more attraction to 
ward the charge that it moves toward, and less attraction to the charge it moves away from. Sounds 
unstable to me. 


P25-4 (a) The electrostatic force on the charge on the right has magnitude 


ceo 
Arega2’ 
The weight of the ball is W = mg, and the two forces are related by 


F/W =tan@& sin@ = «/2L. 
7 @L 1/3 
7: 2TEQ : 


__ /2(8.85 x 10-12C2/N - m2) (0.0112 kg)(9.81 m/s?) (4.70 x 10-2m)3 
= (1.22m) 


Combining, 2Lq? = 4regmgx?, so 


(b) Rearrange and solve for gq, 


= 2.28x1078C. 
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P25-5 (a) Originally the balls would not repel, so they would move together and touch; after 
touching the balls would “split” the charge ending up with g/2 each. They would then repel again. 
(b) The new equilibrium separation is 


g! = (go*) we (1): = 2.96 cm. 


2TEgmMG 4 


P25-6 ‘Take the time derivative of the expression in Problem 25-4. Then 


dx  2xdq_ 2(4.70x10~-?m) 
dt 3qdt 3 (2.28x10-8C) 


(—1.20x 10~°C/s) = 1.65 x 1077m/s. 


P25-7| The force between the two charges is 


1 = 
FH (Q-4)a 
Ate ae 


We want to maximize this force with respect to variation in qg, this means finding dF’/dgq and setting 
it equal to 0. Then 

ded ( 1 a _ 1 Q-24 

dq dq \4req r?, — Amey 72, 


This will vanish if Q — 2q = 0, or q = $Q. 


P25-8 Displace the charge qg a distance y. The net restoring force on q will be approximately 


peof@_1 _y _ @ 16 
Ameo (d/2)? (d/2)  4mey BB” 


Since F’/y is effectively a force constant, the period of oscillation is 


aoe | = (ou) 
k qQ 


P25-9 Displace the charge q a distance x toward one of the positive charges Q. The net restoring 
force on q will be 


Fe qQ ( 1 1 ) 
Areg \(d/2—2x)2  (d/2+2)?)’ 
qQ 32 
Ate Fae 


Since F'/z is effectively a force constant, the period of oscillation is 


T=2 mM egmmd? nee 
Ne. = Ne ge 
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P25-10 (a) Zero, by symmetry. 
(b) Removing a positive Cesium ion is equivalent to adding a singly charged negative ion at that 
same location. The net force is then 
F =e? /4reor’, 


where r is the distance between the Chloride ion and the newly placed negative ion, or 


r = \/3(0.20x 10-9m)? 
The force is then 


he (1.6x 10-19C)2 


= = 1.92x107°N. 
An (8.85 x 10-12C2/N - m?)3(0.20 x 10-9m)? ott 


P25-11| We can pretend that this problem is in a single plane containing all three charges. The 
magnitude of the force on the test charge qo from the charge q on the left is 


_ 1 4% 
Are€g (a? + R?)° 


Py 


A force of identical magnitude exists from the charge on the right. we need to add these two forces 
as vectors. Only the components along R will survive, and each force will contribute an amount 


R 
Fisnd =F — 
“\/RPa ae 


so the net force on the test particle will be 
2 440 R 
Arey (a2 + R?2) J/R2 + a2 


We want to find the maximum value as a function of R. This means take the derivative, and set it 
equal to zero. The derivative is 


2q do 1 3R? 
Aneg \ (a? + R?2)3/2 (a2 + R2)5/2 }? 


which will vanish when 
a? + R? = 3R?, 


a simple quadratic equation with solutions R = +a//2. 
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E26-1 E = F/qg=ma/q. Then 
E = (9.11 x107*!kg) (1.84 x 10°m/s?)/(1.60 x 107!9C) = 1.05 x 10~?N/C. 


E26-2 The answers to (a) and (b) are the same! 
F = Eq = (3.0x10°N/C)(1.60x 10-19C) = 4.8x 10-3N, 


E26-3| F=W, or Eq=maq, so 


mg (6.64 x 1072? kg) (9.81 m/s?) _7 
B= a = 2.03 x 10°‘ N/C. 
q 2(1.60 x 10-19 C) / 
The alpha particle has a positive charge, this means that it will experience an electric force which 
is in the same direction as the electric field. Since the gravitational force is down, the electric force, 
and consequently the electric field, must be directed up. 


E26-4 (a) E= F/q = (3.0x10-®N) /(2.0x 10-9C) = 1.5x10°N/C. 
= Eq = (1.5x108N/C)(1.60x10-!9C) = 2.4x107!6N, 
= mg = (1.67 x 10~?’kg) (9.81 m/s?) = 1.6 x 10~76N. 
d) (2.4x107!6N) /(1.6 x 10-26N) = 1.5x 1029, 
E26-5 Rearrange E = q/4reor’, 


q = 4n(8.85 x 107'*C?/N - m?)(0.750 m)?(2.30 N/C) = 1.44x 1071°C. 


E26-6 p= qd = (1.60x10~!9C)(4.30 x 10-9) = 6.88 x 10-28C - m. 


E26-7| Use Eq. 26-12 for points along the perpendicular bisector. Then 


(3.56 x 10-29 C- m) 
(25.4 x 10-9 m) 


1 
E=—BA = (8,99 x 10°N- m?/C?) 
A4neg x3 


= 1.95 x 10*N/C. 
E26-8 If the charges on the line x = a where +q and —gq instead of +2q and —2q then at the 
center of the square F = 0 by symmetry. This simplifies the problem into finding F for a charge +q 
at (a,0) and —q at (a,a). This is a dipole, and the field is given by Eq. 26-11. For this exercise we 
have x = a/2 and d= a, so 
BH 1 qa . 
Arey [2(a/2)?]3/2 


or, putting in the numbers, E = 1.11 10°N/C. 


E26-9 The charges at 1 and 7 are opposite and can be effectively replaced with a single charge of 
—6q at 7. The same is true for 2 and 8, 3 and 9, on up to 6 and 12. By symmetry we expect the 
field to point along a line so that three charges are above and three below. That would mean 9:30. 


E26-10 If both charges are positive then Eq. 26-10 would read E = 2E,sin@, and Eq. 26-11 
would look like 


E=2 1 q x 
“Ame x2 + (d/2)? ./g2 + (d/2)?’ 
1 q¢ @« 


) a Sem 
Ateg x? \/y2 


when x > d. This can be simplified to E = 2¢/47e€9x?. 
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E26-11| Treat the two charges on the left as one dipole and treat the two charges on the right as 
a second dipole. Point P is on the perpendicular bisector of both dipoles, so we can use Eq. 26-12 
to find the two fields. 
For the dipole on the left p = 2aq and the electric field due to this dipole at P has magnitude 
1 2aq 
~ Ameo (2 + a)3 


l 
and is directed up. 
For the dipole on the right p = 2aq and the electric field due to this dipole at P has magnitude 


ol 2aq 
"~ Ameg (2 — a)3 


and is directed down. 
The net electric field at P is the sum of these two fields, but since the two component fields point 
in opposite directions we must actually subtract these values, 


Eo = E, a fi), 
_ 2aq 1 1 
~ Ameg \(x—a)3 (x +0)3 }’ 


= aq 1 1 1 
Ore 23 (z -—a/z)> (1+ Ta) 


We can use the binomial expansion on the terms containing 1 + a/z, 


E 


— ((1 + 3a/x) — (1 — 3a/z)), 


E26-12 Do a series expansion on the part in the parentheses 


1 4 1 DRY — ne 
J/1+ R22 222) 222° 
Substitute this in, 
_ 9 Rx Q 


Zeer — . 
26g 2227 = Arregz? 


E26-13 At the surface z = 0 and E, = o/2e9. Half of this value occurs when z is given by 
1 aa z 
2 Vee RE 

which can be written as 22 + R? = (2z)?. Solve this, and z = R/V3. 


E26-14 Look at Eq. 26-18. The electric field will be a maximum when z/(z* + R?)9/? is a 
maximum. Take the derivative of this with respect to z, and get 
i 2 > R. 2 ee ae 
(22 4+ R2)3/2 2 (22 + 25/2 (22 + R25/2 


This will vanish when the numerator vanishes, or when z = R/V2. 
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E26-15| (a) The electric field strength just above the center surface of a charged disk is given by 
Eq. 26-19, but with z = 0, 


eer AO 
2€9 


The surface charge density is 0 = g/A = q/(7R?). Combining, 
q = 2epn R?E = 2(8.85 x 10712 C?/N - m?)n(2.5 x 1072m)?(3 x 10° N/C) = 1.04 x 1077C. 


Notice we used an electric field strength of E = 3 x 10°N/C, which is the field at air breaks down 
and sparks happen. 

(b) We want to find out how many atoms are on the surface; if a is the cross sectional area of 
one atom, and N the number of atoms, then A = Na is the surface area of the disk. The number 


of atoms is * 
(0.0250 m 
N= —= = 1.31 x 10!” 
. O0sx-a- 


(c) The total charge on the disk is 1.04 x 10~"C, this corresponds to 


(1.04 x 10~"C) /(1.6 x 1071°C) = 6.5 x 10"? 


electrons. (We are ignoring the sign of the charge here.) If each surface atom can have at most one 
excess electron, then the fraction of atoms which are charged is 


(6.5 x 101") /(1.31 x 10'”) = 4.96 x 1078, 
which isn’t very many. 
E26-16 Imagine switching the positive and negative charges. The electric field would also need 


to switch directions. By symmetry, then, the electric field can only point vertically down. Keeping 
only that component, 


But A = q/(m/2), so E = q/neor?. 


E26-17| We want to fit the data to Eq. 26-19, 


E,=— (1 = ) 
* 2€6 V22+ R2)- 
There are only two variables, R and q, with q = or R?. 
We can find o very easily if we assume that the measurements have no error because then at the 
surface (where z = 0), the expression for the electric field simplifies to 
3 
a 2€o. 
Then o = 2e9F = 2(8.854 x 10712 C?/N - m?) (2.043 x 107 N/C) = 3.618 x 107-4 C/m?. 
Finding the radius will take a little more work. We can choose one point, and make that the 
reference point, and then solve for R. Starting with 


oO z 
E,= 1 ; 
2€0 ( V2e+ =) 
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and then rearranging, 


deol, _ 2 
a Es 
eB, _ 1 
oT (Re 
a 
T+ (pep ° 
1+(R/z)? = : 


(i QepHefa) 


R 1 
“= as 
cd (1 — 2e9F,/c) 


Using z = 0.03m and E, = 1.187 x 10°N/C, along with our value of ¢ = 3.618 x 10-4 C/m?, we 
find 


R 1 
Be 1, 
z Va — 2(8.854 x 10-12C2/Nm2) (1.187 x 107N/C)/(3.618 x 10-4C/m2))? 


R 2.167(0.03 m) = 0.065 m. 


(b) And now find the charge from the charge density and the radius, 
q = TR?o = 1(0.065 m)?(3.618 x 107-4 C/m?) = 4.80 pC. 


E26-18 (a) \=~—q/L. 
(b) Integrate: 


L+a 1 
E = / Adzrx”, 
i Atreg 


1 1 
4reg \a =L+a/)’ 


q 1 
Areg a(L + a)’ 


since A = q/L. 
(c) If a >> L then L can be replaced with 0 in the above expression. 


E26-19 A sketch of the field looks like this. 
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See, 
Qe 


E26-20 (a) F = Eq = (40N/C)(1.60x10-!9C) = 6.4107 !8N 


(b) Lines are twice as far apart, so the field is half as large, or F = 20N/C. 


E26-21 Consider a view of the disk on edge. 


E26-22 A sketch of the field looks like this. 
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E26-23 To the right. 
E26-24 (a) The electric field is zero nearer to the smaller charge; since the charges have opposite 
signs it must be to the right of the +2q charge. Equating the magnitudes of the two fields, 


2g 5g 
Anega? = Arreg(a +)?’ 


or 


v5a = V2(x + a), 


which has solution 


E26-25 This can be done quickly with a spreadsheet. 


EB 


¥ 


E26-26 (a) At point A, 


ee! q —2¢\ 1 -@ 
~ Areg d2 (2d)? }— Amreg 2d?’ 


where the negative sign indicates that E is directed to the left. 
At point B, 


BH 1 q —2q¢ \_ 1 6¢q 
~ Amey \(d/2)2— (d/2)2, J) Are d?’ 


where the positive sign indicates that E is directed to the right. 
At point C, 


1 q —2q 1 —7q 
E = — 
Arey (a ua d? ) Ar€g 4d?’ 


where the negative sign indicates that E is directed to the left. 


E26-27 


(a) The electric field does (negative) work on the electron. The magnitude of this work 


is W = Fd, where F = Eq is the magnitude of the electric force on the electron and d is the distance 
through which the electron moves. Combining, 


W=F-d=dE-d, 


which gives the work done by the electric field on the electron. The electron originally possessed a 
kinetic energy of kK = smv’, since we want to bring the electron to a rest, the work done must be 


negative. The charge q of the electron is negative, so E and d are pointing in the same direction, 
and E-d= Ed. 
By the work energy theorem, 


1 
W = AK =0— jr”. 


We put all of this together and find d, 


ease 2 —(9.11 x 10734kg) (4.86 x 106 m/s)? 


= 0.0653 m. 
gE 2qE 2(—1.60 x 10-19C) (1030 N/C) vs 


(b) Eq = ma gives the magnitude of the acceleration, and ve = v; + at gives the time. But 
vg = 0. Combining these expressions, 


A —31 6 
f= mei _ _ (9-11. x 107 Ske) (4.86 x 10° m/s) _ yao iy 8, 
Eq (1030 N/C)(—1.60 x 10-19C) 


(c) We will apply the work energy theorem again, except now we don’t assume the final kinetic 
energy is zero. Instead, 


W=AK=K;— Ki, 


and dividing through by the initial kinetic energy to get the fraction lost, 


But K; = 


E26-28 


W Ky— Kj 


K K = fractional change of kinetic energy. 


4mv?, and W = qEd, so the fractional change is 
2 g 


W = qEd_— (-1.60x 10-!9C)(1030 N/C) (7.88 x 10-3m) 
=T4G=7 = = —12.1%. 
Ki dmv? T(9.11 x 10-3tkg)(4.86 x 10° m/s)? 


(a) a = Eq/m = (2.16 x 104N/C) (1.60 x 10-!9C) /(1.67 x 10-2%kg) = 2.07 x 10!2m/s?. 


(b) v = V2aa = \/2(2.07 x 10!2m/s?) (1.22 x 102m) = 2.25 x 10°m/s. 
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E26-29 (a) E = 2q/4reor?, or 


(1.88 x 107-7C) 
E — 


27 (8.85 x 10-12C2/N - m2) (0.152 m/2)2 5.85 x 10°N/C 


(b) F = Eq = (5.85x 10°N/C)(1.60 x 10-9C) = 9.36 x 10-4N, 


E26-30 (a) The average speed between the plates is (1.95x10~?m)/(14.7x10~°s) = 1.33x10°m/s. 
The speed with which the electron hits the plate is twice this, or 2.65 x 10°m/s. 

(b) The acceleration is a = (2.65 x 10°m/s) /(14.7x 1079s) = 1.80 x 10!4m/s?. The electric field 
then has magnitude E = ma/q, or 


E = (9.11 x107*'kg) (1.80 x 10'*m/s”) /(1.60 x 107'°C) = 1.03 x 103N/C. 


E26-31| The drop is balanced if the electric force is equal to the force of gravity, or Eq = mg. 
The mass of the drop is given in terms of the density by 


4 
m=pV= pm. 
Combining, 


4 3 4 1k 3)(1.64x 10~5m)?(9.81 32 
ge =: mpreg _ m(851 kg/m”) (1.64 x : m)°(9.8 m/s") — 9 44x10-2C. 
E  3E 3(1.92 x 105N/C) 


We want the charge in terms of e, so we divide, and get 


q _ (8.11 x 10~19C) 7 7 
~_ (1.60 x 10-19C) = 5.07 = 5. 


E26-32 (b) F = (8.99 109N - m?/C?) (2.16 x 10-®C) (85.3 x 10-9C) /(0.117m)? = 0.121 N. 
(a) Ey = F/q = (0.121 N)/(2.16 x 10-6C) = 5.60 x 104N/C. 
E, = F/qz = (0.121 N)/(85.3x 10-9C) = 1.42 106N/C. 


E26-33]| If each value of g measured by Millikan was a multiple of e, then the difference between 
any two values of gq must also be a multiple of g. The smallest difference would be the smallest 
multiple, and this multiple might be unity. The differences are 1.641, 1.63, 1.60, 1.63, 3.30, 3.35, 
3.18, 3.24, all times 107!° C. This is a pretty clear indication that the fundamental charge is on the 
order of 1.6 x 10~!° C. If so, the likely number of fundamental charges on each of the drops is shown 
below in a table arranged like the one in the book: 


4 8 12 
5 10 14 
7 il 16 


The total number of charges is 87, while the total charge is 142.69 x 10-!9 C, so the average charge 
per quanta is 1.64 x 1071!9C. 
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E26-34 Because of the electric field the acceleration toward the ground of a charged particle is 
not g, but g + Eq/m, where the sign depends on the direction of the electric field. 
(a) If the lower plate is positively charged then a = g— Eq/m. Replace g in the pendulum period 


expression by this, and then 
L 
T = 2n,|——_. 
g — Eq/m 


(b) If the lower plate is negatively charged then a = g + Eq/m. Replace g in the pendulum 


period expression by this, and then 
L 
T = 2n,|——_. 
g+Eq/m 


E26-35 The ink drop travels an additional time t’ = d/v,, where d is the additional horizontal 
distance between the plates and the paper. During this time it travels an additional vertical distance 
y’ = v,t’, where vy = at = 2y/t = 2yv,/L. Combining, 


,_ 2yvet’ 2yd — 2(6.4x 10~4*m)(6.8 x 103m) 
“Si ie (1.6x 10-2m) 


= 5.44x1074m, 
so the total deflection is y + y’ = 1.18x1073m. 


E26-36 (a) p = (1.48x 10-9C)(6.23x 10-m) = 9.22 10-15C- m. 
(b) AU = 2pE = 2(9.22x 10-!5C - m)(1100 N/C) = 2.03107 !J. 


E26-37| Use 7 = pEsin#6, where @ is the angle between p and E. For this dipole p = qd = 2ed 
or p = 2(1.6 x 1079 C)(0.78 x 1079 m) = 2.5 x 10-8 C- m. For all three cases 


pE = (2.5 x 10-78 C- m)(3.4 x 10®N/C) = 8.5 x 107??N- m. 


The only thing we care about is the angle. 
(a) For the parallel case 6 = 0, so sin@ = 0, and 7 = 0. 
(b) For the perpendicular case 6 = 90°, so sin@ = 1, and rT = 8.5 x 107?2N-m.. 
(c) For the anti-parallel case @ = 180°, so sin@ = 0, and r = 0. 


E26-38 (c) Equal and opposite, or 5.22 107 1°N. 
(d) Use Eq. 26-12 and F = Eq. Then 
Area? F 
a 
qd 
An(8.85 x 10-!2C2/N « m2) (0.285m)3(5.22 x 10-!6N) 
(3.16x 10-C) 


4.25x107?7C - m. 
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E26-39| The point-like nucleus contributes an electric field 


_ iI Ze 
~ Arey v2’ 


BE, 


while the uniform sphere of negatively charged electron cloud of radius R contributes an electric 
field given by Eq. 26-24, 
1 —Zer 


a 4neg R8 
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The net electric field is just the sum, 
Ze 1 r 
E=—(|—-— 
Arreg (= R3 ) 
E26-40 The shell theorem first described for gravitation in chapter 14 is applicable here since both 
electric forces and gravitational forces fall off as 1/r?. The net positive charge inside the sphere of 
radius d/2 is given by Q = 2e(d/2)?/R® = ed? /4R°. 
The net force on either electron will be zero when 
e? eQ de? ed 


@ (d/2)2 @4R3 PR’ 


which has solution d= R. 


P26-1) (a) Let the positive charge be located closer to the point in question, then the electric 
field from the positive charge is 


1 q 


es 
+ Ameo (x — d/2)? 


and is directed away from the dipole. 
The negative charge is located farther from the point in question, so 


1 q 


| a aa 
Arey (a + d/2)? 


and is directed toward the dipole. 
The net electric field is the sum of these two fields, but since the two component fields point in 
opposite direction we must actually subtract these values, 


BS eee 
1 q 1 q 
Amey (2 —d/2)?— Ameg (2 + d/2)?’ 


a 1 q 1 1 
Ame 22 (a —d/2z)? (1+ Tp) 


We can use the binomial expansion on the terms containing 1 + d/2z, 


Ja~) 


+4 (14/2) —(1-d/2)), 


Aten 2? 
1 qd 


QrEq 23 


(b) The electric field is directed away from the positive charge when you are closer to the positive 
charge; the electric field is directed toward the negative charge when you are closer to the negative 
charge. In short, along the axis the electric field is directed in the same direction as the dipole 
moment. 


P26-2 The key to this problem will be the expansion of 


1 7 1 x3 
(a2 + (2 d/2)2)3/2 ~ (a? + 22)3/2 20242)" 


23 


ford < Vu? + z?. Far from the charges the electric field of the positive charge has magnitude 


1 q 


E = 
+ Amey @? + (2 — d/2)?’ 


the components of this are 


1 q x 
Ey ub — ’ 
j Areg x? + 2? ,/x?2 + (z — d/2)? 
oe a te=a/2) 
ae Amey 2? + 2? \/g2 + (z — d/2)?” 


Expand both according to the first sentence, then 


1 xq 3. zd 
Ey. ®& 1+ : 
; Amey (x2 + z2)3/2 ( 2x? + =) 
Fu 1 (z-—d/2)q (1, 3 zd ) . 


Ameg (x? + 22)3/2 " Qar+ 22 


I 


Similar expression exist for the negative charge, except we must replace g with —q and the + in the 
parentheses with a —, and z — d/2 with z+ d/2 in the FE expression. All that is left is to add the 
expressions. Then 


a 1 xq (+5 zd )+ 1 —2£q (1 3 zd ) 
‘i Amey (x2 + z2)3/2 24? +4 2? Ame (x2 + 22)3/2 Qe2+ 22 ]' 
1 3xqzd 

Amey (x2 + z2)5/2’ 
1 (z-—d/2)q (1+5 zd ) sa ae an (1 3. 2d ) 

Ameo (x2 + z2)3/2 222422) ' Aneg (a2 + 22)3/2 Qa2%4 22}? 
1 327dq 1 dq 

Ame (x2 + z2)5/2 Amey (x2 + 22)8/2” 
1 (227 —2?)dq 

Ameg (x2 + 22)5/2 


P26-3 (a) Each point on the ring is a distance Vz? + R? from the point on the axis in question. 
Since all points are equal distant and subtend the same angle from the axis then the top half of the 


ring contributes 
71 z 


7 Ameg(x? + R?) /2z2 + R2’ 


while the bottom half contributes a similar expression. Add, and 


E\,z 


_ ata z q z 


2 Are (22 + R2)3/2 ~ Aneg (2? + R2)3/2? 
which is identical to Eq. 26-18. 
(b) The perpendicular component would be zero if qi = qa. It isn’t, so it must be the difference 
di — 92 which is of interest. Assume this charge difference is evenly distributed on the top half of 
the ring. If it is a positive difference, then EF, must point down. We are only interested then in the 
vertical component as we integrate around the top half of the ring. Then 


™ 1 (41 -42)/m 
E = SO 6 dé 
i. | Areg 22 + R? pene 
a-g@ 1 


Qr-eg 22+ R2 
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P26-4 Use the approximation 1/(z + d)? ~ (1/27)(1 = 2d/z + 3d?/z?). 
Add the contributions: 


poked 29 q 24q, 4 
4neg \(z +d)? 22 | (z—d)?}’ 
q 2d 3d? 2d 3d? 
= 1 2414 
Ateg 2? ( z 2 2 - Zz a 2 
q 6d? 3Q 


Ategz? 2? Aregz4’ 


where Q = 2qd?. 


P26-5;| A monopole field falls off as 1/r?. A dipole field falls off as 1/r?, and consists of two 
oppositely charge monopoles close together. A quadrupole field (see Exercise 11 above or read 
Problem 4) falls off as 1/r+ and (can) consist of two otherwise identical dipoles arranged with anti- 
parallel dipole moments. Just taking a leap of faith it seems as if we can construct a 1/r® field 
behavior by extending the reasoning. 

First we need an octopole which is constructed from a quadrupole. We want to keep things as 
simple as possible, so the construction steps are 


1. The monopole is a charge +q at x = 0. 


2. The dipole is a charge +q at x = 0 and a charge —q at x = a. We'll call this a dipole at 
x=a/2 


3. The quadrupole is the dipole at « = a/2, and a second dipole pointing the other way at 
x = —a/2. The charges are then —q at x = —a, +2q at « = 0, and —q at x =a. 


4. The octopole will be two stacked, offset quadrupoles. There will be —q at x = —a, +3q at 
xz =0, —3q at x =a, and +q at x = 2a. 


5. Finally, our distribution with a far field behavior of 1/r°. There will be +q at x = 2a, —4q at 
x =-—a, +6q at x = 0, —4q at x =a, and +q at x = 2a. 
P26-6 The vertical component of E is simply half of Eq. 26-17. The horizontal component is 
given by a variation of the work required to derive Eq. 26-16, 
1 Adz Zz 
AT e€9 y? + 22 Jy? + 22” 
which integrates to zero if the limits are —oo to +oo, but in this case, 


B,= | dE, = ae 
0 


Areg Z 


dE, = dE siné = 


Since the vertical and horizontal components are equal then E makes an angle of 45°. 


P26-7 (a) Swap all positive and negative charges in the problem and the electric field must reverse 
direction. But this is the same as flipping the problem over; consequently, the electric field must 
point parallel to the rod. This only holds true at point P, because point P doesn’t move when you 
flip the rod. 


25 


(b) We are only interested in the vertical component of the field as contributed from each point 
on the rod. We can integrate only half of the rod and double the answer, so we want to evaluate 


ee fr" 1 Adz Zz 

z " Are y? + 22 Jyt te’ 
20 V(L/2)? +y% -y 
4reg yy/(L/2)? + y? 


(c) The previous expression is exact. If y >> L, then the expression simplifies with a Taylor 
expansion to 
_ A L? 
* Arey 3’ 


which looks similar to a dipole. 


P26-8 Evaluate 


BH E cae zdq 
9 Ameo (22 + r?)3/2 
where r is the radius of the ring, z the distance to the plane of the ring, and dq the differential 
charge on the ring. But r? + 2? = R?, and dq = o(27r dr), where o = q/27R?. Then 


B= | x q VR? =r? rdr 
Jo Ameo RS , 
2 eee 
Amey 3R2° 


P26-9| The key statement is the second italicized paragraph on page 595; the number of field 
lines through a unit cross-sectional area is proportional to the electric field strength. If the exponent 
is n, then the electric field strength a distance r from a point charge is 


k 
poe 


a 


and the total cross sectional area at a distance r is the area of a spherical shell, 47r?. Then the 
number of field lines through the shell is proportional to 

k 

BA = ~4aqr? = Ankgr?—”. 

rr 
Note that the number of field lines varies with r if n # 2. This means that as we go farther from 
the point charge we need more and more field lines (or fewer and fewer). But the field lines can only 
start on charges, and we don’t have any except for the point charge. We have a problem; we really 
do need n = 2 if we want workable field lines. 


P26-10 The distance traveled by the electron will be d, = a,t?/2; the distance traveled by the 

proton will be dy = agt?/2. a, and ag are related by m,a, = mdz, since the electric force is the 

same (same charge magnitude). Then d; + dz = (a1 + a2)t?/2 is the 5.00 cm distance. Divide by 
the proton distance, and then 

d, + do _ a, + ag _ mga 

dy - ag a my 


Then 
dz = (5.00x10~?m) /(1.67 x 107?" /9.11 x 1073! + 1) = 2.73x107°m. 
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P26-11 This is merely a fancy projectile motion problem. vz = vg cos @ while vy,9 = vp sin #. The 
x and y positions are x = v,¢t and 


ax? 


1 » 
y= gut + vy, ot = +atané. 


2ué cos? 6 
The acceleration of the electron is vertically down and has a magnitude of 


_ F _ Eq _ (1870N/C)(1.6x10-!9C) 


om m (9.11 x 10-3!kg) 


= 3.284x 10'4m/s?. 


We want to find out how the vertical velocity of the electron at the location of the top plate. If 
we get an imaginary answer, then the electron doesn’t get as high as the top plate. 


Vy = 4/vy,.02 + 2aAy, 


\/ (5.83 x 10®m/s)? sin(39°)? + 2(—3.284 x 104m /s2)(1.97 x 10-2m), 
7.226 x 10°m/s. 


This is a real answer, so this means the electron either hits the top plate, or it misses both plates. 
The time taken to reach the height of the top plate is 


Av, _ (7.226x10°m/s) — (5.83 10%m/s) sin(39°) 


— 2 = 8.972x 107s. 
a (—3.284x 10™4m/s2) eae 


In this time the electron has moved a horizontal distance of 
x = (5.83 x 10°m/s) cos(39°) (8.972 x 1079s) = 4.065 x 107?m. 
This is clearly on the upper plate. 


P26-12 Near the center of the ring z < R, so a Taylor expansion yields 


Xv 2 
a 2€9 R2° 


The force on the electron is F = Ee, so the effective “spring” constant is k = e\/2e)R?. This means 


Lk eA eq 
—— = — . 
mV 2egmR? 4tregm RB 


P26-13 U = —pEcos9, so the work required to flip the dipole is 


W = —pE [cos(69 + 7) — cos 09] = 2pE cos 6. 


P26-14 If the torque on a system is given by |7| = «0, where « is a constant, then the frequency 
of oscillation of the system is f = \/«/I/27. In this case T = pE sin @ = pE@, so 


f = VpE/I/2n. 
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P26-15| Use the a variation of the exact result from Problem 26-1. The two charge are positive, 


but since we will eventually focus on the area between the charges we must subtract the two field 


contributions, since they point in opposite directions. Then 


E,= oe (ae crappy) 


and then take the derivative, 


dE, = q 1 1 
dz 279 (<a ora) , 


Applying the binomial expansion for points z < a, 


dE.  — &q 1 1 1 
dz —- Qmeg a? \(2z/a—1)8 (2z/a+1)3)’ 
8q 1 ; 
ea aa | (1+ 6z/a) — (1 — 62/a)), 
= 2s 
Teg a8 


There were some fancy sign flips in the second line, so review those steps carefully! 


(b) The electrostatic force on a dipole is the difference in the magnitudes of the electrostatic 
forces on the two charges that make up the dipole. Near the center of the above charge arrangement 


the electric field behaves as 


z+ higher ordered terms. 
z=0 


The net force on a dipole is 


dE, dE, 
Fy - P= (Bs - B-)=a(B(0)+ z4 — E,(0) - :) 

dz z=0 dz z=0 
where the “+” and “-” subscripts refer to the locations of the positive and negative charges. This 
last line can be simplified to yield 

dE, dE, 
—» \=ad 
OE (24 — 2-) = gd — = 
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E27-1 ©, = (1800N/C)(3.2x10-3m)? cos(145°) = —7.8 10-3N - m2/C. 


E27-2 The right face has an area element given by A = (1.4m)2j 

(a) ®g = A-E = (2.0m2)j- (6N/C)i=0 
(b) ®z = (2.0m?)j -(—2N/C)j = —4N- m2/C. 
(c) ®g = (2.0m?2)j - [(—3N/C)i + (4N/C)k] = 
(d) In each case the field is uniform so we can simply evaluate ®g = E - A, where A has six 
parts, one for every face. The faces, however, have the same size but are organized in pairs with 
opposite directions. These will cancel, so the total flux is zero in all three cases. 


E27-3| (a) The flat base is easy enough, since according to Eq. 27-7, 


bp = [Bad 


There are two important facts to consider in order to integrate this expression. E is 5 parallel to the 
axis of the hemisphere, E points inward while dA points outward on the flat base. E is uniform, so 
it is everywhere the same on the flat base. Since E is anti- parallel to dA, E- dA=-E dA, then 


Since E is uniform we can simplify this as 
- [ BdA=-E f dA=-BA=-nRE 


The last steps are just substituting the area of a circle for the flat side of the hemisphere. 
(b) We must first sort out the dot product 


E 


We can simplify the vector part of the problem with E. dA =cos0E dA, so 


bp= [| B. ad = | cosoBaA 


Once again, E is uniform, so we can take it out of the integral, 
Oz = j[cosobda = B | cosdA 


Finally, dA = (Rd@)(Rsin 0 dd) on the surface of a sphere centered on R = 0. 
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We'll integrate ¢ around the axis, from 0 to 27. We'll integrate @ from the axis to the equator, 
from 0 to 7/2. Then 


Qn pw /2 
bp =E | coseda=e | | R? cos @sin 0 dO dé. 
o Jo 
Pulling out the constants, doing the ¢ integration, and then writing 2cos@sin 0 as sin(26), 
m/2 n/2 
Op = 2 | cos @sin 6 d0 = oRE | sin(20) dé, 
0 0 
Change variables and let @ = 26, then we have 
2 Mrs Gal 2 
@;=7R ef sin 8546 =TRE. 
0 


E27-4 Through S$), ®g = g/e9. Through S2, ®g = —q/eo. Through $3, ®g = g/eo. Through $4, 
®- =0. Through S5, ®g = g/eo. 


E27-5| By Eq. 27-8, 


q (1.84 0) ee 
Ope = = 2.08x10°N - m?/C. 
Be (8.85x 10-12 C2/N- m2) . ah 


E27-6 The total flux through the sphere is 


Gp = (-1+2-—34+4-—5+4+6)(x10°N- m?/C) = 3x 10°N- m?/C. 


The charge inside the die is (8.85 x 10~!2C?/N - m?)(3x 103N - m?/C) = 2.66 x 10~8C. 


E27-7 The total flux through a cube would be g/ep. Since the charge is in the center of the cube 
we expect that the flux through any side would be the same, or 1/6 of the total flux. Hence the flux 
through the square surface is q/6¢o. 


E27-8 If the electric field is uniform then there are no free charges near (or inside) the net. The 
flux through the netting must be equal to, but opposite in sign, from the flux through the opening. 
The flux through the opening is Eza?, so the flux through the netting is —E7a?. 


E27-9 ‘There is no flux through the sides of the cube. The flux through the top of the cube is 
(—58N/C)(100 m)? = —5.8x10°N- m?/C. The flux through the bottom of the cube is 


(110 N/C)(100 m)? = 1.1 10°N - m?/C. 
The total flux is the sum, so the charge contained in the cube is 
q = (8.85 x 1071?C?/N - m?)(5.2x 10°N - m?/C) = 4.60 x 107°C. 
E27-10 (a) There is only a flux through the right and left faces. Through the right face 
®p = (2.0m?)j-(3N/C-m)(1.4m)j = 8.4N-m?/C. 


The flux through the left face is zero because y = 0. 
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E27-11| There are eight cubes which can be “wrapped” around the charge. Each cube has three 
external faces that are indistinguishable for a total of twenty-four faces, each with the same flux 
®,. The total flux is q/eo, so the flux through one face is ®g = q/24€9. Note that this is the flux 
through faces opposite the charge; for faces which touch the charge the electric field is parallel to 
the surface, so the flux would be zero. 


E27-12 Use Eq. 27-11, 


d = 2negrE = 2n(8.85x 107 '2C?/N - m?)(1.96 m) (4.52 x 104N/C) = 4.93 x 107°C /m. 


E27-13 (a) ¢= oA = (2.0x 10-6C/m2)m(0.12 m)(0.42m) = 3.17x 10-7C. 
(b) The charge density will be the same! ¢ = oA = (2.0 x 10~°C/m?)z(0.08m)(0.28m) = 
141x107 'C. 


E27-14 The electric field from the sheet on the left is of magnitude FE) = 0/2eo, and points directly 
away from the sheet. The magnitude of the electric field from the sheet on the right is the same, 
but it points directly away from the sheet on the right. 

(a) To the left of the sheets the two fields add since they point in the same direction. This means 
that the electric field is E = —(o/eo)i. 

(b) Between the sheets the two electric fields cancel, so E = 0. 

(c) To the right of the sheets the two fields add since they point in the same direction. This 
means that the electric field is E = (o/e9)i. 


E27-15 The electric field from the plate on the left is of magnitude E) = 0 /2¢€9, and points directly 
toward the plate. The magnitude of the electric field from the plate on the right is the same, but it 
points directly away from the plate on the right. 

(a) To the left of the plates the two fields cancel since they point in the opposite directions. This 
means that the electric field is E = 0. 

(b) Between the plates the two electric fields add since they point in the same direction. This 
means that the electric field is E = —(o/eo)i. 

(c) To the right of the plates the two fields cancel since they point in the opposite directions. 
This means that the electric field is E = 0. 


E27-16 The magnitude of the electric field is E = mg/g. The surface charge density on the plates 
is o = egE = egmg/q, or 
(8.85 x 10-12C?/N - m?)(9.11 x 1073kg) (9.81 m/s?) 


c= (1.60 x 10-6) = 4.94x107-"C/m?. 


E27-17| We don’t really need to write an integral, we just need the charge per unit length in the 
cylinder to be equal to zero. This means that the positive charge in cylinder must be +3.60nC/m. 
This positive charge is uniformly distributed in a circle of radius R = 1.50 cm, so 


3.60nC/m 3.60nC /m 3 
= = = 5.09 C . 
“i rR? (0.0150 m)2 poe 
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E27-18 The problem has spherical symmetry, so use a Gaussian surface which is a spherical shell. 
The E field will be perpendicular to the surface, so Gauss’ law will simplify to 


toc[eo= PE -dA = § BdA=E § dA = Ane. 


(a) For point P; the charge enclosed is genc = 1.26 x 107~7C, so 


(1.26 x 10~-7C) 


a 4n(8.85 x 10-!2C2/N - m2) (1.83 x 10-2m) 


a 6 
5 = 3.38x 10°N/C. 


(b) Inside a conductor E = 0. 


E27-19| The proton orbits with a speed v, so the centripetal force on the proton is Fo = mv2/r. 
This centripetal force is from the electrostatic attraction with the sphere; so long as the proton is 
outside the sphere the electric field is equivalent to that of a point charge Q (Eq. 27-15), 

1 Q 


Ateg r2- 


If q is the charge on the proton we can write F = Eq, or 


mv? 1 Q 


—_ qd Pm 
r A4neg r? 


Solving for Q, 


Anegmv?r 


Q = ~~ ee 
4m(8.85 x 10-12 C2/N - m2) (1.67 x 10-27kg) (294 x 10m/s)?(0.0113 m) 


(1.60 x 10-19C) ’ 


= —1.13x107°C. 


E27-20 The problem has spherical symmetry, so use a Gaussian surface which is a spherical shell. 
The E field will be perpendicular to the surface, so Gauss’ law will simplify to 


tc[eo= PE-dA = § BdA=E $d = Ane. 


(a) At r= 0.120m gene = 4.06 x 10~8C. Then 


(4.06 x 10-80) 


B= Ta(8.85x10-12C2/N- m)(1.20x 101m) 


a 4 
5 = 2.54x 104N/C. 


(b) At r = 0.220m gence = 5.99 10-8C. Then 


(5.99 x 10-80) 


B= Ta(8.85x10-12C2/N- m)(2.20x 101m) 


a 4 
5 = 1.11x104N/C. 


(c) At r = 0.0818 m gene = OC. Then EF = 0. 
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E27-21 The problem has cylindrical symmetry, so use a Gaussian surface which is a cylindrical 
shell. The E field will be perpendicular to the curved surface and parallel to the end surfaces, so 
Gauss’ law will simplify to 


denc/€o = fe -dA = peu = B faa = 2nrLE, 
where L is the length of the cylinder. Note that o = q/2arL represents a surface charge density. 
(a) r = 0.0410 m is between the two cylinders. Then 


(24.1 x 10-6C/m?) (0.0322 m) P 
pe = 2.14x 10°N/C. 
(8.85 x 10-!2C2/N - m2)(0.0410 m) ENS 


It points outward. 
(b) r = 0.0820 m is outside the two cylinders. Then 


-—6 2 7 —6 2 
pw (24-1 x 10-°C/m?)(0.0322 m) + (~18.0 x 10-°C/m?)(0.0618 m) _ A64x10°N/C. 
(8.85 x 10-12C2/N - m2)(0.0820m) 


The negative sign is because it is pointing inward. 
E27-22 The problem has cylindrical symmetry, so use a Gaussian surface which is a cylindrical 
shell. The E field will be perpendicular to the curved surface and parallel to the end surfaces, so 
Gauss’ law will simplify to 
denc/€0 = fe dA = pee = Bf aa = 2nrLE, 
where L is the length of the cylinder. The charge enclosed is 
denc = J eav = pal (r? 7 R’) 


The electric field is given by 


i pul (r?—R?) — p(r? — R?) 


2reorL 2e€or 


At the surface, 
p((2R)?—R?)  3pR 


E,= = . 
2€92R deg 
Solve for r when F is half of this: 
3R ry? — R? 
8 a Qr ? 
3rR = 4r? —4R?, 
0 = 4r*?-—3rR-4R?. 


The solution is r = 1.443R. That’s (2R — 1.443R) = 0.557R beneath the surface. 


E27-23 The electric field must do work on the electron to stop it. The electric field is given by 
E = 0/2¢€9. The work done is W = Fd = Egd. d is the distance in question, so 


eK _ 2(8.85x10712C2/N - m?)(1.15 x 10° eV) 


= 0.979 
oq (2.08 x 10-6C/m2)e as 


d 
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E27-24 Let the spherical Gaussian surface have a radius of R and be centered on the origin. 
Choose the orientation of the axis so that the infinite line of charge is along the z axis. The electric 
field is then directed radially outward from the z axis with magnitude E = /27e9p, where p is the 
perpendicular distance from the z axis. Now we want to evaluate 


bp = $B-aA, 


over the surface of the sphere. In spherical coordinates, dA = R?sin@d@d¢, p = Rsin@, and 
E-dA = EAsin@. Then 


be= A ord mea 
27 € €0 


E27-25| (a) The problem has cylindrical symmetry, so use a Gaussian surface which is a cylindrical 


shell. The E field will be perpendicular to the curved surface and parallel to the end surfaces, so 
Gauss’ law will simplify to 


dene[eo= Hdd = [ BaA=E f dA =20rLe, 


where L is the length of the cylinder. Now for the dene part. If the (uniform) volume charge density 
is p, then the charge enclosed in the Gaussian cylinder is 


dence = [ea = | dV = pV = ar’Lp. 


Combining, mr?Lp/e9 = E2nmrL or E = pr/2¢e0. 
(b) Outside the charged cylinder the charge enclosed in the Gaussian surface is just the charge 
in the cylinder. Then 


denc = J vav = p [av = pV = aR? Lp. 
and 
nR?Lp/é9 = E2nrL, 
and then finally 
_ R’p 
~ Qeor’ 


E27-26 (a) q = 4n(1.22m)?(8.13 10-6C/m?) = 1.52 10-4C. 
(b) ®g = q/eo = (1.52x 10-4C) /(8.85 x 10-120? /N - m2) = 1.72 107N - m2/C. 
(c) E = a/eo = (8.13x 10-8C/m?) /(8.85 x 10-!2C2/N - m2) = 9.19 x 10°N/C 


E27-27 (a) o = (2.4x10-8C) /4m(0.65 m)? = 4.52 10-7C/m?. 
(b) E =o/e = (4.52x 10-7C/m?) /(8.85 x 10-!2C2/N - m2) = 5.11 x 104N/C. 


E27-28 E=oa/e9 = q/4tr7e. 


E27-29| (a) The near field is given by Eq. 27-12, E = 0/2e0, so 
_, (6.0 107°C) /(8.0 x 107? m)? 
2(8.85 x 10-12 C2/N - m2) 
(b) Very far from any object a point charge approximation is valid. Then 
1 q 1 (6.0x10-®C) 


oe 2 = 60N/C. 
A4negr? = Ar(8.85x 10-12 C?2/N-m?) (30m)? ane 


= 5.3x10°N/C. 
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P27-1 For a spherically symmetric mass distribution choose a spherical Gaussian shell. Then 


fed =f gdd=g f dA = amr. 


Then 
®, gr? 
———_- — = —mM, 
4nG G 
or 
_ Gm 
g are 


The negative sign indicates the direction; g point toward the mass center. 


P27-2 (a) The flux through all surfaces except the right and left faces will be zero. Through the 
left face, 
$, = —E,A = —by/aa’. 


Through the right face, _ 
®, = EyA = bv2aa?. 


The net flux is then 
® = ba®/*(/2 — 1) = (8830 N/C- m’/?)(0.130 m)>/?(V/2 — 1) = 22.3N -m?/C. 


(b) The charge enclosed is q = (8.85 x 10~!2C?/N - m?)(22.3N - m?/C) = 1.97x107!°C. 


P27-3| The net force on the small sphere is zero; this force is the vector sum of the force of gravity 
W, the electric force F'g, and the tension T. 


These forces are related by Eq = mgtan@. We also have E = a /2¢€o, so 


2egmg tan 0 
q b] 
2(8.85 x 10-12 C?/N - m?)(1.12 x 107 ®kg) (9.81 m/s?) tan(27.4°) 
(19.7x 10-9C) , 


= sds fo" ems; 
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P27-4 The materials are conducting, so all charge will reside on the surfaces. The electric field 
inside any conductor is zero. The problem has spherical symmetry, so use a Gaussian surface which 
is a spherical shell. The E field will be perpendicular to the surface, so Gauss’ law will simplify to 


dnc[to= $B -dA = § EdA=E fi dA =4ns°E. 


Consequently, E = qenc/47€0r?. 

(a) Within the sphere E = 0. 

(b) Between the sphere and the shell gene = g- Then E = q/4meor?. 

(c) Within the shell E = 0. 

(d) Outside the shell gene = +g —q¢ = 0. Then E = 0. 

(e) Since EF = 0 inside the shell, gene = 0, this requires that —q reside on the inside surface. This 
is no charge on the outside surface. 


P27-5 The problem has cylindrical symmetry, so use a Gaussian surface which is a cylindrical 
shell. The E field will be perpendicular to the curved surface and parallel to the end surfaces, so 
Gauss’ law will simplify to 


dene[eo= $H-dd= f BdA=z f dA=20rLe, 


where L is the length of the cylinder. Consequently, EF = qenc/27eorL. 

(a) Outside the conducting shell gene = +q—2q = —q. Then E = —q/27eorL. The negative sign 
indicates that the field is pointing inward toward the axis of the cylinder. 

(b) Since E = 0 inside the conducting shell, gene = 0, which means a charge of —q is on the 
inside surface of the shell. The remaining —q must reside on the outside surface of the shell. 

(c) In the region between the cylinders gene = +g. Then E = +q/27e9rL. The positive sign 
indicates that the field is pointing outward from the axis of the cylinder. 


P27-6 Subtract Eq. 26-19 from Eq. 26-20. Then 


oO z 


2€9 22 + R2 


P27-7| This problem is closely related to Ex. 27-25, except for the part concerning denc. We’ll 
set up the problem the same way: the Gaussian surface will be a (imaginary) cylinder centered on 
the axis of the physical cylinder. For Gaussian surfaces of radius r < R, there is no charge enclosed 
while for Gaussian surfaces of radius r > R, denc = Al. 

We’ve already worked out the integral 


‘) EB. dA = 2nrlE j 
tube 
for the cylinder, and then from Gauss’ law, 
dane= co | E-dA= 2negrlE. 
tube 


(a) When r < R there is no enclosed charge, so the left hand vanishes and consequently E = 0 
inside the physical cylinder. 
(b) When r > R there is a charge XI enclosed, so 
aN 


Qreor 
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P27-8 This problem is closely related to Ex. 27-25, except for the part concerning dene. We'll set 
up the problem the same way: the Gaussian surface will be a (imaginary) cylinder centered on the 
axis of the physical cylinders. For Gaussian surfaces of radius r < a, there is no charge enclosed 
while for Gaussian surfaces of radius b > r > a, denc = Al. 

We’ve already worked out the integral 


i, E-dA = 2rrlk, 
tube 


for the cylinder, and then from Gauss’ law, 
denc = co | E- dA = 2reorlE. 
tube 


(a) When r < a there is no enclosed charge, so the left hand vanishes and consequently E' = 0 
inside the inner cylinder. 
(b) When b > r > a there is a charge Al enclosed, so 


a 


~ Qneor’ 


P27-9 Uniform circular orbits require a constant net force towards the center, so F = as 
Aq/2neor. The speed of the positron is given by F = mv?/r; the kinetic energy is K = mv?/2 = 
Fr /2. Combining, 


Aq 
Areg’ 

(30 x 10-°C/m) (1.6 x 10-!9C) 
Ar((8.85 x 10-12 C2/N - m?) ’ 
4.31x1071" J = 270 eV. 


P27-10 A= 2regrE, so 


= 2n(8.85 x 107 !2C?/N - m?)(0.014 m) (0.16 m)(2.9 x 10*N/C) = 3.6x 107°C. 


P27-11)| (a) Put aspherical Gaussian surface inside the shell centered on the point charge. Gauss’ 


law states 
fe dA= enc | 
€0 


Since there is spherical symmetry the electric field is normal to the spherical Gaussian surface, and 
it is everywhere the same on this surface. The dot product simplifies to E-dA=E dA, while since 
F is a constant on the surface we can pull it out of the integral, and we end up with 


EB $ dA= +, 
€0 
where g is the point charge in the center. Now § dA = 4rr?, where r is the radius of the Gaussian 
surface, so 


ty 
Aregr?- 


(b) Repeat the above steps, except put the Gaussian surface outside the conducting shell. Keep 
it centered on the charge. Two things are different from the above derivation: (1) r is bigger, and 
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(2) there is an uncharged spherical conducting shell inside the Gaussian surface. Neither change will 
affect the surface integral or denc, so the electric field outside the shell is still 


_ q 
Aregr2’ 


(c) This is a subtle question. With all the symmetry here it appears as if the shell has no effect; 
the field just looks like a point charge field. If, however, the charge were moved off center the field 
inside the shell would become distorted, and we wouldn’t be able to use Gauss’ law to find it. So 
the shell does make a difference. 

Outside the shell, however, we can’t tell what is going on inside the shell. So the electric field 
outside the shell looks like a point charge field originating from the center of the shell regardless of 
where inside the shell the point charge is placed! 

(d) Yes, g induces surface charges on the shell. There will be a charge —gq on the inside surface 
and a charge q on the outside surface. 

(e) Yes, as there is an electric field from the shell, isn’t there? 

(f) No, as the electric field from the outside charge won’t make it through a conducting shell. 
The conductor acts as a shield. 

(g) No, this is not a contradiction, because the outside charge never experienced any electrostatic 
attraction or repulsion from the inside charge. The force is between the shell and the outside charge. 


P27-12 The repulsive electrostatic forces must exactly balance the attractive gravitational forces. 


Then 
1 ¢ ym 


Ate r2 pe 
or m = q/V4ne0G. Numerically, 
(1.60 x 10-19) 


= = 1.86 107°kg. 
\/41(8.85x 10-12C2/N - m?)(6.67 x 10-!4N - m?/kge”) 


m 


P27-13 The problem has spherical symmetry, so use a Gaussian surface which is a spherical shell. 
The E field will be perpendicular to the surface, so Gauss’ law will simplify to 


tonc[eo= PB-dA = § BdA=E $ dA = Ane. 


Consequently, E = denc/47€0r?. 
dene = 9 + 4x f pr7dr, or 


denc = + an | Ar dr = q+ 2nA(r? — a”). 
The electric field will be constant if gene behaves as r?, which requires g = 27 Aa”, or A = q/2ra?. 


P27-14 (a) The problem has spherical symmetry, so use a Gaussian surface which is a spherical 
shell. The E field will be perpendicular to the surface, so Gauss’ law will simplify to 


doc[to= $B -dA = § EdA=E $i dA = dnb. 


Consequently, E = denc/47€0r?. 
dene = 40 f pr?dr = 4rpr? /3, so 


E = pr /3€ 
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and is directed radially out from the center. Then E = pr/3e. 
(b) The electric field in the hole is given by E, = E— Ep, where E is the field from part (a) and 
E, is the field that would be produced by the matter that would have been in the hole had the hole 
not been there. Then 
E, = pb/ 3€0, 


where b is a vector pointing from the center of the hole. Then 


But F—b= a, so E, = pa/3eo. 


P27-15| If a point is an equilibrium point then the electric field at that point should be zero. 
If it is a stable point then moving the test charge (assumed positive) a small distance from the 
equilibrium point should result in a restoring force directed back toward the equilibrium point. In 
other words, there will be a point where the electric field is zero, and around this point there will be 
an electric field pointing inward. Applying Gauss’ law to a small surface surrounding our point P, 
we have a net inward flux, so there must be a negative charge inside the surface. But there should 
be nothing inside the surface except an empty point P, so we have a contradiction. 


P27-16 (a) Follow the example on Page 618. By symmetry E = 0 along the median plane. The 
charge enclosed between the median plane and a surface a distance x from the plane is gq = pAz. 
Then 

E = pAz/egA = pA/e. 


(b) Outside the slab the charge enclosed between the median plane and a surface a distance x 
from the plane is is g = pAd/2, regardless of x. The 


E = pAd/2/e9A = pd/2¢. 


P27-17| (a) The total charge is the volume integral over the whole sphere, 


q= | pv. 


This is actually a three dimensional integral, and dV = Adr, where A = 4rr?. Then 


q = | ow, 


= mpsR°. 


(b) Put a spherical Gaussian surface inside the sphere centered on the center. We can use Gauss’ 
law here because there is spherical symmetry in the entire problem, both inside and outside the 
Gaussian surface. Gauss’ law states 


BdA = 2 
€0 
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Since there is spherical symmetry the electric field is normal to the spherical Gaussian surface, and 
it is everywhere the same on this surface. The dot product simplifies to E- dA = E'dA, while since 
F is a constant on the surface we can pull it out of the integral, and we end up with 


Eg d=, 
€0 


Now $ dA = 4rr?, where r is the radius of the Gaussian surface, so 


denc 


~ Amegr2” 


We aren’t done yet, because the charge enclosed depends on the radius of the Gaussian surface. We 
need to do part (a) again, except this time we don’t want to do the whole volume of the sphere, we 
only want to go out as far as the Gaussian surface. Then 


dene = [eav. 


Combine these last two results and 


tps r+ 


Amegr? R’ 

Tps T° 

Arey R’ 
Q 


ATreg RY 


In the last line we used the results of part (a) to eliminate pg from the expression. 


P27-18 (a) Inside the conductor E = 0, so a Gaussian surface which is embedded in the conductor 
but containing the hole must have a net enclosed charge of zero. The cavity wall must then have a 
charge of —3.0 uC. 

(b) The net charge on the conductor is +10.0 uC; the charge on the outer surface must then be 
+13.0 uC. 


P27-19 (a) Inside the shell E = 0, so the net charge inside a Gaussian surface embedded in the 
shell must be zero, so the inside surface has a charge —Q. 

(b) Still —Q; the outside has nothing to do with the inside. 

(c) —(Q + q); see reason (a). 

(d) Yes. 
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Throughout this chapter we will use the convention that V(co) = 0 unless explicitly stated 
otherwise. Then the potential in the vicinity of a point charge will be given by Eq. 28-18, 
V =q/Aneor. 


E28-1 (a) Let Uj2 be the potential energy of the interaction between the two “up” quarks. Then 


(2/3)2e(1.60 x 10-19C) 


= 4.84x 10°eV. 
(1.32x10-"m) iia 


Utz = (8.99 x 10°N - m2/C?) 


(b) Let Uig be the potential energy of the interaction between an “up” quark and a “down” 
quark. Then 
(—1/3)(2/3)e(1.60 x 10-!9C) 


Ui3 = (8.99 x 10°N - m?/C?) (1.32 10-1) = —2.42x 10°eV 


Note that Uj3 = U23. The total electric potential energy is the sum of these three terms, or zero. 


E28-2 There are six interaction terms, one for every charge pair. Number the charges clockwise 
from the upper left hand corner. Then 


Uy = —q°/4rea, 
Ux3 = —q?/4re0a, 
Uza = —q?/4reoa, 
Us, = —q?/4reoa, 


Uig. = (—q)?/42e€0(V2a), 
Usg = q?/4meo(V2a). 


2 g ¢ 
U= 4 = —0.206 
(= ) €0 


The amount of work required is W = U. 


Add these terms and get 


E28-3]| (a) We build the electron one part at a time; each part has a charge g = e/3. Moving the 
first part from infinity to the location where we want to construct the electron is easy and takes no 
work at all. Moving the second part in requires work to change the potential energy to 


1 qq 
4nég 


U2 = 


which is basically Eq. 28-7. The separation r = 2.82 x 107!° m. 

Bringing in the third part requires work against the force of repulsion between the third charge 
and both of the other two charges. Potential energy then exists in the form Uj3 and U23, where all 
three charges are the same, and all three separations are the same. Then Uj2 = Uj3 = Uj2, so the 
total potential energy of the system is 


ge els 3 (1.60x 10-19 G/3)2 


= = S20 
4neg or Ar(8.85 x 10-12. C2/N-m?) (2.82 10-5 m) FOE Se 


(b) Dividing our answer by the speed of light squared to find the mass, 


2.72 x 10-4 J 
= = 3.02 x 107?" kg. 
™* (3.00 x 108 m/s)? e 


Al 


E28-4 There are three interaction terms, one for every charge pair. Number the charges from the 
left; let a = 0.146m. Then 


(25.5 x 10-9C)(17.2x 107°C) 


Uj2 = ’ 
4rega 
Ui, = (25.5 x 10-°C)(—19.2 x 10-°C) 
as Areg(a + £) ; 
(17.2 x 10-°C)(—19.2 x 10-°C) 
Ux = Fi 
TEX 


Add these and set it equal to zero. Then 


(25.5)(17.2) _ (25.5)(19.2) | (17.2)(19.2) 


— : 


a at+2 x 


which has solution x = 1.405a = 0.205 m. 


E28-5 The volume of the nuclear material is 47a?/3, where a = 8.0x10~!°m. Upon dividing in 
half each part will have a radius r where 4ar3/3 = 42a? /6. Consequently, r = a/¥/2 = 6.35x10-!m. 
Each fragment will have a charge of +46e. 

(a) The force of repulsion is 


(46)2(1.60 x 10-!9C)? 


ie = 3000N 
4r(8.85 x 10-12C2/N - m?)[2(6.35 x 10-5m)]? 


(b) The potential energy is 


—_ (46)2e(1.60 x 10-!9C) 


= = 2.4x 10%¢ 
4n(8.85 x 10-12C2/N - m?)2(6.35 x 10-15m) HY 


E28-6 This is a work/kinetic energy problem: smvp = qAV. Then 


= 6.0x 10’m/s. 


vp =, | 2UL60x 10-19C) (10.3x 10°V) 
— (9.11 x 10-31kg) 


E28-7| (a) The energy released is equal to the charges times the potential through which the 
charge was moved. Then 


AU =gAV = (G0C)(L.0'% 10° V) = 3.0% 10"" J. 


(b) Although the problem mentions acceleration, we want to focus on energy. The energy will 
change the kinetic energy of the car from 0 to K; = 3.0 x 10!° J. The speed of the car is then 


2K —_[2(3.0 x 101° J) 
C= Vim (1200 kg) nye 


(c) The energy required to melt ice is given by Q = mL, where L is the latent heat of fusion. 
Then 


Q (3.0 x 10!°J) 
— —) = 1 k . 
mT Geeky Oe 
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E28-8 (a) AU = (1.60x10719C)(1.23x 10°V) = 1.97x 10719J. 
(b) AU = e(1.23 10°V) = 1.23 x 10%eV. 


E28-9 This is an energy conservation problem: $mv? = qAV; AV = q/4me9(1/r1 — 1/r2). Com- 
bining, 


@ 1 1 
UV — 
Qregm \ry 2)” 


(3.1x 10-8)? 1 1 
2n(8.85 x 10-!202/N- m2)(18x 10-°kg) \(0.90x10-3m)  (2.5x10-3m) ]’ 
2600 m/s. 


E28-10 ‘This is an energy conservation problem: 


1 2 1 
<m(2v)? — T= ~my?, 
2 Anregr 2 


Rearrange, 


¢ 


6rEegmv2’ 
(1.60 x 107!°C)? 


= 1.42x107°m. 
67(8.85 x 10-12C2/N - m?)(9.11 x 10-3! kg) (3.44 x 10°m/s)?) ee 


E28-11 (a) V = (1.60x 107!9C) /4m(8.85 x 10-!2C2/N « m2) (5.29 x 107m) = 27.2V. 
(b) U = qV = (—e)(27.2 V) = —27.2 eV. 
(c) For uniform circular orbits F = mv?/r; the force is electrical, or F = e?/4megr?. Kinetic 
energy is K = mv?/2 = Fr/2, so 
e? (1.60 x 10-19C) 


8megr —- 877 (8.85 x 10-122 /N - m?) (5.29 x 10-'m) een. 


(d) The ionization energy is —(K + VU), or 


Eion = —[(13.6 eV) + (—27.2 eV)] = 13.6 eV. 


E28-12 (a) The electric potential at A is 


a (2 + 2) = (8.99 x 10°N - m?/C) (‘ 


Aten \ ry T2 


—5.0x 107°C) 4 (2.0x 107°C) 
(0.15 m) (0.05 m) 


) = 6.0x10*V. 


The electric potential at B is 


vz-— (2 fis 2) = (8.99 x 10°N - m2/C) (‘ 


4teg \rT2 14 


—5.0x10-6C) | (2.0x10~8C) 
(0.05m) —~— (0.15 m) 


) = —7.8x10°V. 


(b) W = qAV = (3.0x 10-®C)(6.0 x 10*V — —7.8x 10°V) = 2.5 J. 
(c) Since work is positive then external work is converted to electrostatic potential energy. 
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E28-13| (a) The magnitude of the electric field would be found from 


F (3.90 x 10-25 N) , 
oa = 2.44 x 10¢N/C. 
q (1.60 x 10-196) os 


(b) The potential difference between the plates is found by evaluating Eq. 28-15, 


The electric field between two parallel plates is uniform and perpendicular to the plates. Then 
E - ds = Eds along this path, and since F is uniform, 


b b b 
av=- | B-w=- f Bds=-E | ds = EAg, 


where Az is the separation between the plates. Finally, AV = (2.44 x 104N/C)(0.120m) = 2930 V. 


E28-14 AV = EAz, so 


2(8.85 x 10-12C2/N - m2) 
(0.12 x 10-6C/m?) 


= 2€9 


he=—-= AV = (48 V) =7.1x107%m 
(on 


E28-15 The electric field around an infinitely long straight wire is given by E = A/2meqr. The 
potential difference between the inner wire and the outer cylinder is given by 


b 
AV = -| (A/2meor) dr = (A/27€0) In(a/b). 


The electric field near the surface of the wire is then given by 


~~ A __ AVL (—855 V) 7 ‘ 
= Frepa ~ aln(a/d) ~ (6.70x10-7m)In(6.70x10-?m/1.0Bx10-?m) ~ 132% 10°V/m. 


The electric field near the surface of the cylinder is then given by 


N AV (—855 V) 3 
2nepa = aln(a/b) ~~ (1.05 x 10-?m) In(6.70 x 10-7 m/1.05 x 10-2 m) - ss 


E28-16 AV = EAz = (1.92 10°N/C)(1.50x 10-2m) = 2.88 x 103V. 


E28-17 (a) This is an energy conservation problem: 


(2)(79)e(1.60 x 10-9C) 
(7.0x 10-!m) 


= (8.99 x 10°N - m?/C) = 3.2x10" eV 


x= b @oe! 


ATE 


(b) The alpha particles used by Rutherford never came close to hitting the gold nuclei. 


E28-18 This is an energy conservation problem: mv?/2 = eq/4megr, or 


1.60 x 10-19C) (1.76 x 10-15 
4 (1.60 x 10-29C)(1.76 x 10-}5C) =<suaniaun 


2m (8.85 x 10-12C2/N - m?)(1.22 x 10-2m) (9.11 x 10-31kg) 
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E28-19| (a) We evaluate V4 and Vg individually, and then find the difference. 


aes 1 (1.16 uC) _ 
Va= Ane€9 r _ 4n(8.85 x 19-12 C2/N ; m2) (2.06 m) 5060 V, 
a | 1 1.16uC 
Ve = (116H0) _ gorov, 


~ dreyr  4n(8.85 x 10-!2C2/N- m2) (1.17m) 
The difference is then V4 — Vp = —3850 V. 


(b) The answer is the same, since when concerning ourselves with electric potential we only care 
about distances, and not directions. 


E28-20 The number of “excess” electrons on each grain is 


AnegrV = 4°(8.85 x 10~12C?/N - m)(1.0 x 10-®m) (—400 V) 
n= — 


= 2.8x10° 
é (—1.60 x 10-29) 7 


E28-21 The excess charge on the shuttle is 
q = 4megrV = 4n(8.85 x 107 '2C0?/N »m)(10m)(—1.0 V) = —1.1x107~°C 
E28-22 g=1.37x10°C, so 


(1.37 105C) 


V = (8.99% 10°N - m?/C’) G37 i9em) 


= 1.93x10°V. 


E28-23| The ratio of the electric potential to the electric field strength is 


a bay 1 q aay 
E \Aneor Anegr2)} 


In this problem r is the radius of the Earth, so at the surface of the Earth the potential is 


V = Er = (100 V/m)(6.38 x 10°m) = 6.38 x 10° V. 
E28-24 Use Eq. 28-22: 


(1.47) (3.34 10°C - m) 
(52.0 10-9m)? 


V = (8.99 x 109N - m?/C?) = 1.63x107°V. 


E28-25| (a) When finding V4 we need to consider the contribution from both the positive and 


the negative charge, so 
1 —4q 
Va= 
A dre (« a+ 5) 


There will be a similar expression for Vz, 


Vee ee 
B Are Be peed , 
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Now to evaluate the difference. 
1 _ 1 
VA Ate (ca + a Ate ( aacr a , 
q 1 1 
>: QTE € a+ 3) : 
q at+d a 
~ Qe (725, aes) ; 


pt ee 
27g ala +d) 


(b) Does it do what we expect when d = 0? I expect it the difference to go to zero as the 
two points A and B get closer together. The numerator will go to zero as d gets smaller. The 
denominator, however, stays finite, which is a good thing. So yes, V, — Vg — 0 as d— 0. 


E28-26 (a) Since both charges are positive the electric potential from both charges will be positive. 
There will be no finite points where V = 0, since two positives can’t add to zero. 

(b) Between the charges the electric field from each charge points toward the other, so E will 
vanish when q/x? = 2q/(d—.«)?. This happens when d— 2x = V2z, or « = d/(1+ V2). 


E28-27 The distance from C to either charge is /2d/2 = 1.39 x107?m. 
(a) V at C is 

2(2.13 x 10-®C) 
(1.39 x 10-?m) 
(b) W = g6V = (1.91 x 10-°C) (2.76 x 10°V) = 5.27 J. 

(c) Don’t forget about the potential energy of the original two charges! 
(2.13x10-®C)? 
(1.96 x 10-2m) 


V = (8.99 x 10°N - m?/C?) = 2.76 x10°V 


Uo = (8.99 x 10°N - m?/C?) = 2.08 J 


Add this to the answer from part (b) to get 7.35 J. 


E28-28 The potential is given by Eq. 28-32; at the surface V, = oR/2e , half of this occurs when 
VR24 22-2 = R/2, 
R?4227 = R?/4+ Rz+ 2’, 
3R/4 = 2. 


E28-29| We can find the linear charge density by dividing the charge by the circumference, 
oe 
27 R’ 


where @ refers to the charge on the ring. The work done to move a charge q from a point x to the 
origin will be given by 


= qAV, 


W 
W = q(V(0)—V(2)), 


7 LO i. 6 
vs Are9 JR2 469 /R2 +22)” 


—  qQ 1 1 
— 4neg \R SR? 432) 
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Putting in the numbers, 


(—5.93 x 10-!2C)(—9.12 x 10-°C) 1 1 — 1.86x10-2°5 
4n(8.85 x 10-1202/N - m2) 148m (48m)?+ 30m?) 
E28-30 (a) The electric field strength is greatest where the gradient of V is greatest. That is 
between d and e. 
(b) The least absolute value occurs where the gradient is zero, which is between b and c and 
again between e and f. 


E28-31 The potential on the positive plate is 2(5.52V) = 11.0V; the electric field between the 
plates is E = (11.0 V)/(1.48x10-2m) = 743 V/m. 


E28-32 Take the derivative: E = —OV/0z. 


E28-33] The radial potential gradient is just the magnitude of the radial component of the electric 
field, 


Then 


Ove 1 q 
Or Areg 2” 


1 79(1.60 x 10-19C) 
Ar(8.85 x 10-12C2/N-m?) (7.0 x 10-!5m)2 ’ 
—2.32x 107! V/m. 


I 


E28-34 Evaluate OV/Or, and 


Ze [-l1 r 
R= 2 : 
ATreg (= i san) 


E28-35 EF, = —OV/dx = —2(1530V/m?)zx. At the point in question, EH = —2(1530 V/m?)(1.28 x 
10~-?m) = 39.2 V/m. 


E28-36 Draw the wires so that they are perpendicular to the plane of the page; they will then 
“come out of” the page. The equipotential surfaces are then lines where they intersect the page, 
and they look like 


AT 
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E28-37| (a) |Vg — Va| = |W/q| = |(3.94 x 10719 J) /(1.60 x 10719 C)| = 2.46 V. The electric field 
did work on the electron, so the electron was moving from a region of low potential to a region of 
high potential; or Vg > V4. Consequently, Vg — V4 = 2.46 V. 

(b) Ve is at the same potential as Vg (both points are on the same equipotential line), so 
Vo — Va = Ve — V4 = 2.46 V. 

(c) Ve is at the same potential as Vg (both points are on the same equipotential line), so 
Vo — Vp =0V. 


E28-38 (a) For point charges r = q/4m7e0V, so 
r = (8.99 x 10°N - m?/C?)(1.5 x 107~8C) /(30 V) = 4.5m 
(b) No, since V « 1/r. 


E28-39 The dotted lines are equipotential lines, the solid arrows are electric field lines. Note that 
there are twice as many electric field lines from the larger charge! 
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E28-41 ‘This can easily be done with a spreadsheet. The following is a sketch; the electric field is 
the bold curve, the potential is the thin curve. 
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sphere radius r 


E28-42 Originally V = q/4meor, where r is the radius of the smaller sphere. 

(a) Connecting the spheres will bring them to the same potential, or Vj = V2. 

(b) q+qa=¢; Vi = m1 /47e0r and V2 = qo/47e92r; combining all of the above qz = 2q, and 
qi = q/3 and q2 = 2q/3. 


E28-43 (a) ¢=47R?o, so V = q/4re9R = oR/ce0, or 
V = (—1.60x 107 !°C/m?)(6.37 x 10°m) /(8.85 x 107 !2C?/N - m?) = 0.115 V 
(b) Pretend the Earth is a conductor, then E = a/epsilono, so 
E = (-1.60x 107'9C/m?) /(8.85 x 10712C?/N - m?) = 1.81 x1078V/m. 
E28-44 V =q/4re9R, so 
V = (8.99 10°N - m?/C?)(15 x 107°C) /(0.16 m) = 850 V. 


E28-45 (a) ¢g=4me9RV = 4n(8.85 x 107 !2C?/N - m?) (0.152 m) (215 V) = 3.63 x 10-9C 
(b) o = q/4aR? = (3.63x 10-9C) /4n(0.152m)? = 1.25 x 10-8C/m?. 


E28-46 The dotted lines are equipotential lines, the solid arrows are electric field lines. 
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E28-47 


(a) The total charge (Q = 57.2nC) will be divided up between the two spheres so that 


they are at the same potential. If q; is the charge on one sphere, then q2 = Q — q; is the charge on 
the other. Consequently 


Yo = Va, 
lL @ . -1°Q=q 
At e9 71 4neg9 oT. | 
ar2 = (Q-am)r, 
nan = ors . 
T2 + T1 
Putting in the numbers, we find 
a Qry x (57.2 nC)(12.2 cm) — 38.6 nC, 


rotr, (5.88 cm) + (12.2 cm) 


and gz = Q — q = (57.2 nC) — (38.6 nC) = 18.6 nC. 
(b) The potential on each sphere should be the same, so we only need to solve one. Then 


E28-48 


la 1 (38.6 nC) 
= = 2850V. 
Ameg ry,  4n(8.85 x 10-12 C?/N - m?) (12.2 cm) eae 


(a) V = (8.99 109N - m?/C?)(31.5x 10-9C) /(0.162 m) = 1.75 x 10°V. 


(b) V = q/4reor, so r = q/47e0V, and then 


r = (8.99 x 10°N - m?/C?)(31.5 x 107°C) /(1.20 x 10°V) = 0.236 m. 


That is (0.236 m) — (0.162 m) = 0.074m above the surface. 
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E28-49| (a) Apply the point charge formula, but solve for the charge. Then 


dg 
2 = VY. 
4reg r : 
q = AneorV, 
q = 4n(8.85 x 107’? C?/N- m?)(1m)(10° V) = 0.11 mC. 


Now that’s a fairly small charge. But if the radius were decreased by a factor of 100, so would 
the charge (1.10 wC). Consequently, smaller metal balls can be raised to higher potentials with less 
charge. 
(b) The electric field near the surface of the ball is a function of the surface charge density, 
E =a /e 9. But surface charge density depends on the area, and varies as r~?. For a given potential, 
the electric field near the surface would then be given by 
os q V 


E — = 5) — . 
€9  47eor Tr 


Note that the electric field grows as the ball gets smaller. This means that the break down field is 
more likely to be exceeded with a low voltage small ball; you’ll get sparking. 


E28-50 A “Volt” is a Joule per Coulomb. The power required by the drive belt is the product 
(3.41 x 10°V) (2.83 x 10-3C/s) = 9650 W. 


P28-1) (a) According to Newtonian mechanics we want K = $mv? to be equal to W = gAV 
which means 


511 M 
AGE 2 OPM ene. 
2q 2e 
mc? is the rest mass energy of an electron. 
(b) Let’s do some rearranging first. 


| 
me J t=pe 
1 


me2 Hel 
1 
2 = 1— ae 
(er si 1) 
and finally, 
1 
B= ,f1- 
(Ao a7 1)” 
Putting in the numbers, 
1 
z = 0.746, 
(2 keV) 4 1) 
(511 keV) 


so v = 0.746c. 
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P28-2 (a) The potential of the hollow sphere is V = q/4meor. The work required to increase the 
charge by an amount dq is dW = V/, dq. Integrating, 


e 2 
q e 
: Aneor d 8reor 


This corresponds to an electric potential energy of 


e(1.60x 10-!9C) 


= 2.55x 10° eV = 4.08x10714J. 
87(8.85 x 10-12C2/N- m2) (2.82x10-1m) pet . 


w= 


(b) This would be a mass of m = (4.08 x 107 14J)/(3.00 x 108m/s)? = 4.53 x 10-31kg. 


P28-3 The negative charge is held in orbit by electrostatic attraction, or 


mv qQ 


r Aregr?- 


The kinetic energy of the charge is 


The electrostatic potential energy is 


so the total energy is 


The work required to change orbit is then 


w= 22 (=- =). 
87 € TL T2 


r 2 

qr qr 
V =>— anny, | = 
[ Arey R3 ; Smeg R38 


(b) AV = q/8ne0R. 
(c) If instead of V = 0 at r = 0 as was done in part (a) we take V = 0 at r = o, then 
V = q/4ne0R on the surface of the sphere. The new expression for the potential inside the sphere 
will look like V = V’+ V,, where V’ is the answer from part (a) and V, is a constant so that the 
surface potential is correct. Then 
q qR? 3qR? 


V; = t = > 
4regR 87egR® = 8re)R3 


and then 
qr? 3qR? q(3R? — r?) 


87reqR? 2 8regR?  —- 8reg RB 
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P28-5 The total electric potential energy of the system is the sum of the three interaction pairs. 
One of these pairs does not change during the process, so it can be ignored when finding the change 
in potential energy. The change in electrical potential energy is then 


2 2 2 1 1 
AU =2—4 a 
Aneore Aten; 2mé9 \rg i 


In this case rj = 1.72 m, while r¢ = 0.86m. The change in potential energy is then 


1 1 
(0.86m) (1.72m) 


AU = 2(8.99 x 10°N « m?/C?) (0.122 C)? ( ) = 1.56x10°J 


The time required is 


t = (1.56 x 108) /(831 W) = 1.87x10°s = 2.17 days. 


P28-6 (a) Apply conservation of energy: 
qQ qQ 


d = 
Aregd’ . Areg kK’ 


where d is the distance of closest approach. 
(b) Apply conservation of energy: 


qQ 1 2 
K —— ae 
Aney(2d) 2 


so, combining with the results in part (a), v = \/K/m. 


P28-7/ (a) First apply Eq. 28-18, but solve for r. Then 


22 te 5 (32.0107 C) 
~ AmegV— 4n°(8.85 x 10-12 C2/N - m2) (512 V) 


= 562 um. 


(b) If two such drops join together the charge doubles, and the volume of water doubles, but the 
radius of the new drop only increases by a factor of 2 = 1.26 because volume is proportional to 
the radius cubed. 

The potential on the surface of the new drop will be 


1 
Views = dnew , 
AT EQ Tnew 
1 2qola 


’ 
Ar€9 V2 Told 


1 qola 
= (2)2/8__ 22° — (2)2/8 old: 
(2) ATE Told (2) Vora 


The new potential is 813 V. 


P28-8 (a) The work done is W Fz Eqz qoz/2€o. 
(b) Since W = qAV, AV = —a2z/2€ 9, so 


V=V — (0/2€9)z. 
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P28-9/ (a) The potential at any point will be the sum of the contribution from each charge, 


1 @ 
AT Eg T2” 


1 mu 


= i 
At e€9 11 


where r, is the distance the point in question from q, and re is the distance the point in question 
from gz. Pick a point, call it (x,y). Since q; is at the origin, 


en er 


Since q2 is at (d,0), where d = 9.60 nm, 


n= V@-d+e, 


Define the “Stanley Number” as S = 47e9V. Equipotential surfaces are also equi-Stanley surfaces. 
In particular, when V = 0, so does S. We can then write the potential expression in a sightly 
simplified form 
ga 842 
Ty 12 
If S =0 we can rearrange and square this expression. 


ho _ _@ 
ry TQ” 
mr 3 
qt q 
ety — (wn-dtty? 
q q3 
Let a = qo/q, then we can write 
a(x? ty?) = (w@—-d)* ty’, 


aa? +a7y? zg? —Id+d@+y’, 
(a? — 1)a* + 2ad+(a?—-1l)y? = a. 


I 


We complete the square for the (a? — 1)x? + 2xd term by adding d?/(a? — 1) to both sides of the 


equation. Then 
doe 1 
Oe. ik ae 2 
(a* —1) (+54) +y 4): 


=e(i+ 
a 


The center of the circle is at 


= =—-54 : 
a2—1  (—10/6)?—-1 sai 
(b) The radius of the circle is 
which can be simplified to 
a \(=10/6)| 
da a (9.6 nm) (—10/6)2—-1 > 9.00 nm. 
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P28-10 An annulus is composed of differential rings of varying radii r and width dr; the charge 
on any ring is the product of the area of the ring, dA = 27r dr, and the surface charge density, or 


dq=oadA= "onr dr = = re ar 


The potential at the center can be found by adding up the contributions from each ring. Since we 
are at the center, the contributions will each be dV = dq/4mepr. Then 


Ve a k T=7 1 1 = k b? —a? 
2e9r3 az bv) deg ba? * 


The total charge on the annulus is 


q= f har = ane ert wig ele 
a Oo ba 


Combining, 


P28-11 Add the three contributions, and then do a series expansion for d < r. 
_ q Sl poeta ale 
a co (otit+). 
_— q at | 1 | 1 
~ Amegr \14+d/r °° 1—d/r)’ 
x L_ (145414145), 
Areor r r 
q 2d 
~ 1+—}. 
A4regr ( = r ) 
P28-12 (a) Add the contributions from each differential charge: dg = Ady. Then 


y+L % 
v=[ Aa roan n( I 
7 Amegy Ate y 


a a a ee ee 
Oy —s- Amen y tL y2 = Amen y(yt L) 


(b) Take the derivative: 


(c) By symmetry it must be zero, since the system is invariant under rotations about the axis 
of the rod. Note that we can’t determine FE’, from derivatives because we don’t have the functional 
form of V for points off-axis! 


P28-13) (a) We follow the work done in Section 28-6 for a uniform line of charge, starting with 
Eq. 28-26, 


WV = 1 A dx 
= Ameo \/x2 + y?’ 
L 
Vv = 1 ka dx 


Amey Jo \/a2 + y?’ 
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k 2 3|” 
— Aneg way x 
k ———— 
= (VP + y? v). 
ATreg 


(b) The y component of the electric field can be found from 


which (using a computer-aided math program) is 


fe ts zh 
4 Are JL? + y? 


(c) We could find FE, if we knew the x variation of V. But we don’t; we only found the values of 
V along a fixed value of z. 
(d) We want to find y such that the ratio 


 (vErF-v)|/[ Aw 


AT ep ATreg 


is one-half. Simplifying, \/ L? + y? — y = L/2, which can be written as 
Pe+y=1?/4+Lyt+y’, 
or 3L?/4 = Ly, with solution y = 3L/4. 
P28-14 The spheres are small compared to the separation distance. Assuming only one sphere at 
a potential of 1500 V, the charge would be 
q = AneorV = 4n(8.85x 107 '2C?/N - m)(0.150m)(1500 V) = 2.50x 107 8C. 
The potential from the sphere at a distance of 10.0 m would be 


(0.150 m) 


=22.5V. 
(10.0m) 


V = (1500V) 


This is small compared to 1500 V, so we will treat it as a perturbation. This means that we can 
assume that the spheres have charges of 


q = 4regrV = 4n(8.85 x 107 '2C?/N - m)(0.150 m)(1500 V + 22.5 V) = 2.54x 1078C. 


P28-15| Calculating the fraction of excess electrons is the same as calculating the fraction of 
excess charge, so we’ll skip counting the electrons. This problem is effectively the same as Exercise 
28-47; we have a total charge that is divided between two unequal size spheres which are at the same 
potential on the surface. Using the result from that exercise we have 


Qri 


o] 
To +11 


a= 


where Q = —6.2 nC is the total charge available, and q; is the charge left on the sphere. r; is the 
radius of the small ball, rg is the radius of Earth. Since the fraction of charge remaining is q:/Q, 


we can write q ‘3 ra 
1 1 1 _ 
= ~~ — =2.0x 1078. 
Q rg +71 re 
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P28-16 The positive charge on the sphere would be 
q = 4megrV = 4n(8.85 x 107 '2C?/N - m?)(1.08 x 10~?m) (1000 V) = 1.20x 107°C. 
The number of decays required to build up this charge is 
n = 2(1.20x 107°C) /(1.60 x 107 19°C) = 1.50x 107°. 


The extra factor of two is because only half of the decays result in an increase in charge. The time 
required is 
t = (1.50 10"°) /(3.70x 108s") = 40.6s. 


P28-18 (a) Outside of an isolated charged spherical object E = q/4megr? and V = q/4meor. 
Then E = V/r. Consequently, the sphere must have a radius larger than r = (9.15 x 10°V)/(100 x 
10°V/m) = 9.15x107-?2m. 

(b) The power required is (320 x 10~°C/s)(9.15 x 10°V) = 2930 W. 

(c) cwv = (320x 10~°C/s), so 


(320 x 10-®C/s) sie ott 
‘Cincom oo 
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E29-1] (a) The charge which flows through a cross sectional surface area in a time t is given by 
q = it, where 7 is the current. For this exercise we have 


q = (4.82 A)(4.60 x 60s) = 1330 C 


as the charge which passes through a cross section of this resistor. 
(b) The number of electrons is given by (1330 C)/(1.60 x 107!9 C) = 8.31 x 107! electrons. 


E29-2 Q/t = (200x10~°A/s) (60s/min) /(1.60 x 10~!°C) = 7.5x 10° electrons per minute. 
E29-3 (a) j = nquv = (2.10x 1014/m?)2(1.60x 107 !°C) (1.40 x 10°m/s) = 9.41 A/m?. Since the ions 
have positive charge then the current density is in the same direction as the velocity. 


(b) We need an area to calculate the current. 


E29-4 (a) j =i/A = (123 107!2A) /m(1.23x 10-3m)? = 2.59 x 10-5. /m?. 
(b) vg = j/ne = (2.59 x 10-5A /m?) /(8.49 x 1078 /m)(1.60 x 10-19C) = 1.91x10-!5m/s. 


E29-5| The current rating of a fuse of cross sectional area A would be 


imax = (440 A/cm?) A, 


and if the fuse wire is cylindrical A = 7d?/4. Then 


[4 (0.552) _ 


E29-6 Current density is current divided by cross section of wire, so the graph would look like: 


O 


ae O 


I (A/mil42 x10*-3) 


50 100 150 200 d(mils) 


E29-7 ‘The current is in the direction of the motion of the positive charges. The magnitude of the 
current is 


i = (3.1x10'8/s + 1.1x10'8/s)(1.60 x 10~-19C) = 0.672 A. 


E29-8 (a) The total current is 
i = (3.50x 10"? /s + 2.25 x 10'°/s)(1.60 x 107'9C) = 9.20 1077A. 
(b) The current density is 
j = (9.20 10-4A) /2(0.165 x 107 3m)? = 1.08 x 104A /m?. 


E29-9 (a) j = (8.70x10°/m?) (1.60 x 10-!9C) (470 x 103m/s) = 6.54x 10-7A/m?. 
(b) i = (6.54 10-7A/m?)n(6.37 x 10m)? = 8.34% 107A. 


E29-10 71=owv, so 


o = (95.0x 107° A) /(0.520 m)(28.0 m/s) = 6.52x 107 °C/m?. 


E29-11] The drift velocity is given by Eq. 29-6, 


a (115 A) 
ne Ane (31.2x10-6m?)(8.49 x 1028 /m3) (1.60 x 10-19C) 


Uq = = 2.71x10-4m/s. 


The time it takes for the electrons to get to the starter motor is 


x (0.855 m) : 
t — — = 2 1 3. 
e Ooms) oo 


That’s about 54 minutes. 


E29-12 AV =iR= (50x107%A)(1800Q) = 90V. 


E29-13] The resistance of an object with constant cross section is given by Eq. 29-13, 


(11, 000m) 


A = 0.5922. 
(0.0056 m2) 


Fe 
R= pz = (3.0.x 10-7Q-m) 


E29-14 The slope is approximately [(8.2 — 1.7)/1000]uQ -cm/°C, so 


a 6.5x 10720 -cem/°C = 4x 1073/C° 


1 
— 1.7Q-em 
E29-15 (a) i= AV/R = (23V)/(15x 1073Q) = 1500A. 
(b) j = i/A = (1500 A) /m(3.0x 10-3m)? = 5.3x 107A /m?. 
(c) p= RA/L = (15x10730)2(3.0x 1073m)?/(4.0m) = 1.1x1077Q-m. The material is possibly 


platinum. 


E29-16 Use the equation from Exercise 29-17. AR = 8Q; then 
AT = (8) /(50.)(4.3 x 1073/C°) = 37C°. 


The final temperature is then 57°C. 
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E29-17| Start with Eq. 29-16, 


Po Poe PoQay(T => To), 


and multiply through by L/A, 


L 
(p =) po) = qpocav (L = To); 


a] 


to get 
R- Ro = RoQay(T To). 


E29-18 The wire has a length L = (250)27(0.122m) = 192m. The diameter is 0.129 inches; the 
cross sectional area is then 


A =1(0.129 x 0.0254 m)?/4 = 8.43 x 107°m?. 
The resistance is 


R= pL/A = (1.69 1078Q - m)(192 m) /(8.43 x 107-°m?) = 0.385. 


E29-19| If the length of each conductor is L and has resistivity p, then 


ne ete 
A= PI D2/4 ? aD? 

and L ig 
Rp — pP — 


(74D? /4— 1 D2/4) 30D? 


The ratio of the resistances is then 
Ra _ 
Rp 


E29-20 R= R, so pL; /1(d/2)? = pol2/m(d2/2)?. Simplifying, p,/d? = p2/d3. Then 


dy = (1.19 107 3m) \/(9.68 x 10-8Q - m) /(1.69 x 10-8Q- m) = 2.85 1073m. 


E29-21 (a) (750 10-3A) /(125) = 6.00x10-3A. 
(b) AV =iR = (6.00x 10-A)(2.65 x 10-6) = 1.59 x 10-8V. 
(c) R= AV/i = (1.59 10-8V) /(750x 10-3A) = 2.12 x 10-82. 


E29-22 Since AV =iR, then if AV and 7 are the same, then R must be the same. 
(a) Since R= R, p,L1/ar? = poLe/mr2, or pi/r? = p2/r2. Then 


Tizon/Teopper = V/(9.68x 10-82 - m) (1.69 x 10-82. - m) = 2.39. 
(b) Start with the definition of current density: 


i AV_ AV 


~ A RA pL’ 


Since AV and L is the same, but p is different, then the current densities will be different. 
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E29-23} Conductivity is given by Eq. 29-8, j= cE. If the wire is long and thin, then the 
magnitude of the electric field in the wire will be given by 


Ex AV/L = (115 V)/(9.66 m) = 11.9V/m. 


We can now find the conductivity, 


: 4 2 


E (11.9V/m) 


o= 
E29-24 (a) vq =j/en =oE/en. Then 
va = (2.70107 !4/Q- m)(120 V/m) /(1.60 x 107 !°C) (620 x 10° /m? + 550x 10°/m?) = 1.73x10~?m/s. 
(b) j = cE = (2.70x10-14/Q- m)(120 V/m) = 3.24x 10-14A/m?. 
E29-25 (a) R/L = p/A, so j =i/A = (R/L)i/p. For copper, 
j = (0.152 x 107°Q/m) (62.3 A)/(1.69 x 1078Q - m) = 5.60 x 10°A/m?; 


for aluminum, 


j = (0.152 x 1077Q./m) (62.3 A)/(2.75 x 1078Q « m) = 3.44x 10°A/m?. 
(b) A = pL/R; if 6 is density, then m = 61A = ldp/(R/L). For copper, 
m = (1.0m)(8960 kg/m?) (1.69 x 1078Q - m)/(0.152 x 1073Q/m) = 0.996 kg; 


for aluminum, 


m = (1.0m)(2700 kg/m*) (2.75 x 107~8Q - m)/(0.152 x 107-7Q/m) = 0.488kg. 
E29-26 The resistance for potential differences less than 1.5 V are beyond the scale. 


eee ane ne 


R (Kilo—ohms) 
lo 


i y) 3 4 V(Volts) 
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E29-27| (a) The resistance is defined as 


pa AV. _ (8.55 x 10° V/A?) 


t a 


= (3.55 x 10° V/A”)i. 
When i = 2.40 mA the resistance would be 
R= (3.55 x 10° V/A?)(2.40 x 1078A) = 8.52kQ. 


(b) Invert the above expression, and 


i = R/(3.55 x 10° V/A?) = (16.09) /(3.55 x 10° V/A?) = 4.51 pA. 


E29-28 First, n = 3(6.02x 102) (2700 kg /m)(27.0 x 10-3kg) = 1.81 x 1029/m?. Then 


-—31 
fie a Carte) = 7.15x 107s. 
ne2p (1.81 x 1029/m3) (1.60 x 10-19C)2(2.75 x 10-8 - m) 


E29-29 (a) E = Eo/ke = g/4r 9k R?, so 


(1.00 x 10-80) 7 


E= = 
4n(8.85 x 10-12C2/N - m?)(4.7)(0.10 m)? 


(b) E = Ey = ¢/4rr€0R?, so 


pes (1.00 x 10-8C) _ 
~ 4n(8.85 x 10-12C2/N -m?2)(0.10m)? 


(c) ina = €90(Eo — E) = (1 — 1/ke)/40R?. Then 


Oind = 


(1.00 x 10-6) ( 1 
( 


= 6.23 x 107-°C/m?. 
4n(0.10 m)2 ia} Sees 


E29-30 Midway between the charges E = q/meod, so 
q = 7(8.85 x 107 '2C?/N - m?)(0.10m)(3 x 10°V/m) = 8.3x 107°C. 


E29-31]| (a) At the surface of a conductor of radius R with charge Q the magnitude of the electric 
field is given by 


oe 
~ Atreg 


OR 
while the potential (assuming V = 0 at infinity) is given by 


scl 
x ATE 


QR 


The ratio is V/E = R. 
The potential on the sphere that would result in “sparking” is 


V = ER = (3x10°N/C)R. 


(b) It is “easier” to get a spark off of a sphere with a smaller radius, because any potential on 
the sphere will result in a larger electric field. 

(c) The points of a lighting rod are like small hemispheres; the electric field will be large near 
these points so that this will be the likely place for sparks to form and lightning bolts to strike. 
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P29-1| If there is more current flowing into the sphere than is flowing out then there must be a 
change in the net charge on the sphere. The net current is the difference, or 2 uA. The potential on 
the surface of the sphere will be given by the point-charge expression, 


= eee 
~ Anegr’ 


and the charge will be related to the current by g = it. Combining, 
1 it 


A4reg r? 


or 
AmregVr — 4n°(8.85 x 107! C?/N - m?)(980 V)(0.13 m) 
i (2 wA) 


P29-2 The net current density is in the direction of the positive charges, which is to the east. There 
are two electrons for every alpha particle, and each alpha particle has a charge equal in magnitude 
to two electrons. The current density is then 


J = WNeVe + da + Navas 
= (-1.6x107~'°C)(5.6x 107! /m?)(—88 m/s) + (3.2 x 107!9C) (2.8 x 10?" /m*)(25 m/s), 
1.0x 10°C/m?. 


I 


P29-3 (a) The resistance of the segment of the wire is 
R= pL/A = (1.69 1078Q - m)(4.0x 1077m) /7(2.6 x 107m)? = 3.18 x 107°. 
The potential difference across the segment is 
AV =iR = (12 A)(3.18x 10-°Q) = 3.8x1074V. 


(b) The tail is negative. 
(c) The drift speed is v = j/en = i/Aen, so 


v = (12 A)/1(2.6 x 1073m)?(1.6 x 107 19C) (8.49 x 1078 /m?) = 4.16 x 107°m/s. 


The electrons will move 1 cm in (1.0x 10~?m)/(4.16 x 10~°m/s) = 240s. 


P29-4 (a) N = it/q = (250x10-9A)(2.98)/(3.2x 10-!9C) = 2.27x 102. 
(b) The speed of the particles in the beam is given by v = \/2K/m, so 


v = \/2(22.4 MeV) /4(932 MeV/c?) = 0.110c. 


It takes (0.180 m)/(0.110)(3.00x10°8m/s) = 5.45x10~°s for the beam to travel 18.0 cm. The number 
of charges is then 


N = it/q = (250x107°A)(5.45 x 1079s) /(3.2 x 107°C) = 4260. 


(c) W = qAV, so AV = (22.4 MeV)/2e = 11.2 MV. 
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P29-5 (a) The time it takes to complete one turn is t = (250m)/c. The total charge is 
q = it = (30.0 A)(950m) /(3.00 x 10°m/s) = 9.50 107°C. 
(b) The number of charges is N = q/e, the total energy absorbed by the block is then 
AU = (28.0 10° eV)(9.50 x 10-°C)/e = 2.66 x 10°J. 
This will raise the temperature of the block by 


AT = AU/mC = (2.66 x 10°) /(43.5 kg) (3853 /kgC®) = 159 C°. 
P29-6 (a) i= [jdA=2n f jrdr; 
i= 2n f —0"%o(1 —r/R)r dr = 21jo(R?/2 — R?/3R) = wjoR?/6. 
(b) Integrate, again: 
i=2Qn / —0% jo(r/R)r dr = 20 jo(R3/3R) = 1joR?/3. 
P29-7 (a) Solve 29 = po[l + a(T — 20°C)], or 


T= 20°C+1/(4.3X1077/C") = 250°C, 


(b) Yes, ignoring changes in the physical dimensions of the resistor. 


P29-8 The resistance when on is (2.90 V)/(0.310 A) = 9.359. The temperature is given by 


T = 20°C + (9.359 — 1.120) /(1.12)(4.5 x 1073/°C) = 1650°C. 


P29-9| Originally we have a resistance R; made out of a wire of length J, and cross sectional area 
A,. The volume of this wire is V; = A;l,. When the wire is drawn out to the new length we have 
lg = 311, but the volume of the wire should be constant so 


Aglg = Ath, 
Ao(3h) = Arh, 
Ap = Aj,/3. 
The original resistance is 
l 
Ry = Pa 
The new resistance is F 31 
hy =p? = pA, = oR, 


P29-10 (a) i = (35.8V)/(935Q) = 3.83x10~7A. 
(b) 7 =i/A = (3.83 1077A) /(3.50 x 10-4m?) = 109 A/m?. 
(c) v = (109 A/m?)/(1.6 x 10719C) (5.33 x 1022 /m°) = 1.28 x 107?m/s. 
(d) E = (35.8 V)/(0.158 m) = 227 V/m. 
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P29-11 (a) p = (1.09x10~3Q)2(5.5x107-3m)?/4(1.6 m) = 1.62x10~8Q-m. This is possibly silver. 
(b) R = (1.62x 10-80 - m)(1.35 x 10-3m)4/n(2.14 x 102m)? = 6.08 x 10-80. 


P29-12 (a) AL/L =1.7x10~° for a temperature change of 1.0C°. Area changes are twice this, 
or AA/A = 3.4x10-5. 

Take the differential of RA = pL: RdA+AdR = pdL+Ldp, or dR = pdL/A+Ldp/A—RdA/A. 
For finite changes this can be written as 


AR _AL Ap AA 
ee 2 p A’ 


Ap/p = 4.31073. Since this term is so much larger than the other two it is the only significant 
effect. 


P29-13| We will use the results of Exercise 29-17, 


R- Ro = RoQay(T = To). 


Tey) 


To save on subscripts we will drop the “av” notation, and just specify whether it is carbon “c” or 


66599 


iron “i 
The disks will be effectively in series, so we will add the resistances to get the total. Looking 
only at one disk pair, we have 


Ro+ Ri = Roe (ac(T —To) +1) + Roi (ai(LT — To) +1), 
= Roct Roi + (Rode + Roiai) (LT — To). 


This last equation will only be constant if the coefficient for the term (T — To) vanishes. Then 
Roc + Ro jay = 0, 

but R = pL/A, and the disks have the same cross sectional area, so 
LePpcMe + Lipia, = 0, 


or 
Le pio __(9.68x 10-8 m)(6.5X10-9/C°) 4 nag 
Ti pede «(3500 10-82 m)(—0.50x 10-8/C®) 


P29-14 The current entering the cone is 7. The current density as a function of distance x from 
the left end is then : 
i 
~ wlat x(b—a)/L}? 
The electric field is given by FE = pj. The potential difference between the ends is then 


_ _ ip _ ipl 
av= | Bae = f eaOSayEe = mab 


The resistance is R = AV/i = pL /rab. 
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P29-15| The current is found from Eq. 29-5, 


ix [iad 


where the region of integration is over a spherical shell concentric with the two conducting shells 
but between them. The current density is given by Eq. 29-10, 


j=E/p, 


and we will have an electric field which is perpendicular to the spherical shell. Consequently, 


i-2 fBak=- [waa 
p p 


By symmetry we expect the electric field to have the same magnitude anywhere on a spherical shell 
which is concentric with the two conducting shells, so we can bring it out of the integral sign, and 


then 5 
ice [da- eu 
p p 
where FE is the magnitude of the electric field on the shell, which has radius r such that b > r > a. 
The above expression can be inverted to give the electric field as a function of radial distance, 
since the current is a constant in the above expression. Then E = ip/4rr? The potential is given by 


? 


we will integrate along a radial line, which is parallel to the electric field, so 


AV = - Edr 


We divide this expression by the current to get the resistance. Then 


ee eee 
a=£(¢ 5] 


P29-16 Since t = A/va, p_x va. For an ideal gas the kinetic energy is proportional to the 
temperature, so p x VK x JT. 
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E30-1| We apply Eq. 30-1, 


q= CAV = (50 x 10° F)(0.15 V) = 7.5 x 10°17C; 
E30-2 (a) C = AV/q= (73.0x10-!2 C) /(19.2V) = 3.80 10-2F. 
(b) The capacitance doesn’t change! 
(c) AV = g/C = (210x 10-17C) /(3.80 x 10-17F) = 55.3V. 
E30-3 q¢ = CAV = (26.0 10~®F)(125 V) = 3.25x 10-3C. 


E30-4 (a) C = 69 A/d = (8.85 x 10-!2F /m) (8.22 x 10-2m)?/(1.31 x10-3m) = 1.43 107!°F. 
(b) g= CAV = (1.43x107-!F)(116 V) = 1.66 x 10-8C. 


E30-5| Eq. 30-11 gives the capacitance of a cylinder, 


(0.0238 m) 


ism)/0smm) 


C = 2ne9 27(8.85 x 107"? F/m); 


L ss 
In(b/a) 


E30-6 (a) A= Cd/eq = (9.70 107!2F)(1.20 x 1073m) /(8.85 x 107!2F /m) = 1.32 1073m2. 

(b) C = Cody /d = (9.70 10-!2F) (1.20 x 10-3m) /(1.10 x 10-3m) = 1.06 x 10-!'F. 

(c) AV = qo/C = [AV]oCo/C = [AV]od/do. Using this formula, the new potential difference 
would be [AV] = (13.0 V)(1.10x107~?m) /(1.20x10~?m) = 11.9 V. The potential energy has changed 
by (11.9V) — (30.0V) = —1.1V. 


E30-7 (a) From Eq. 30-8, 


(0.040 m) (0.038 m) 


= 8.45x107''F. 
(0.040 m) — (0.038 m) a 


C = 4n(8.85 x 107 '?F /m) 
(b) A = Cd/eo = (8.45 x 107! F) (2.00 x 1073m) /(8.85 x 107!2F /m) = 1.91 x 107?m?. 


E30-8 Let a=6+d, where d is the small separation between the shells. Then 


d)b 
C = Arne ap ay ra ) ‘ 
a—b d 


b2 
Arreg ae eo A/d. 


2 


E30-9| The potential difference across each capacitor in parallel is the same; it is equal to 110 V. 
The charge on each of the capacitors is then 


q = CAV = (1.00 x 107° F)(110 V) = 1.10 x 107*C. 


If there are N capacitors, then the total charge will be Ngq, and we want this total charge to be 


1.00C. Then Aeon iain 
Nea = = 9090. 
q (1.10 x 10-4) 
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E30-10 First find the equivalent capacitance of the parallel part: 
Ceq = C1 + Cy = (10.3x 107 °F) + (4.80x 10° °F) = 15.1x 10°F. 
Then find the equivalent capacitance of the series part: 
1 1 1 


= = 323< 10°F», 
Coq (5.1 x10-5F) * (3.90x10-5F) * 


Then the equivalent capacitance of the entire arrangement is 3.10x 10~°F. 


E30-11 First find the equivalent capacitance of the series part: 


1 1 1 
= = 5.05 x10°F >. 
Coq (10.3x10-5F) " (4.80x10-°F) es 


The equivalent capacitance is 3.28x10~°F. Then find the equivalent capacitance of the parallel part: 
Coq = C1 + Co = (3.28 x 107 °F) + (3.90x 10°F) = 7.18 x 10°F. 
This is the equivalent capacitance for the entire arrangement. 


E30-12 For one capacitor g = CAV = (25.0 x 10~°F)(4200 V) = 0.105 C. There are three capaci- 
tors, so the total charge to pass through the ammeter is 0.315C. 


E30-13| (a) The equivalent capacitance is given by Eq. 30-21, 
1 1 1 1 1 i) 


Cie Oy Cac (0 GE) 


(6.0uF) (12.0uF) 
or Cog = 2.40uF. 

(b) The charge on the equivalent capacitor is q = CAV = (2.40uF)(200V) = 0.480mC. For 
series capacitors, the charge on the equivalent capacitor is the same as the charge on each of the 
capacitors. This statement is wrong in the Student Solutions! 

(c) The potential difference across the equivalent capacitor is not the same as the potential 
difference across each of the individual capacitors. We need to apply gq = CAV to each capacitor 
using the charge from part (b). Then for the 4.0uF capacitor, 


q (0.480 mC) 
AV = = = ——_~ = 120V; 
" C (4.0uF) OM: 
and for the 6.0uF capacitor, 
q (0.480 mC) 
A SS SS ee Ms 
i C (6.0uF) cua 


Note that the sum of the potential differences across each of the capacitors is equal to the potential 
difference across the equivalent capacitor. 


E30-14 (a) The equivalent capacitance is 


Coq = C1 + Co = (4.0uF) + (6.0uF) = (10.0). 


(c) For parallel capacitors, the potential difference across the equivalent capacitor is the same as 
the potential difference across either of the capacitors. 
(b) For the 4.0uF capacitor, 


q = CAV = (4.0uF)(200 V) = 8.0x 107+ C; 
and for the 6.0uF capacitor, 
q = CAV = (6.0uF)(200 V) = 12.0x 107-4 C. 
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E30-15 (a) Ceg = C+ C4+C =30; 


Fhe, coA oA = d 
wr 7 Oee,« 80. 68 
(b) 1/Ceq = 1/C + 1/C +1/C = 3/C; 
Eo A eo A 
deg =) 8d. 
OCs, CT 


E30-16 (a) The maximum potential across any individual capacitor is 200 V; so there must be 
at least (1000 V)/(200 V) = 5 series capacitors in any parallel branch. This branch would have an 
equivalent capacitance of Cog = C/5 = (2.0x10~-°F)/5 = 0.40x 10-°F. 

(b) For parallel branches we add, which means we need (1.2x10~°F)/(0.40x10~°F) = 3 parallel 
branches of the combination found in part (a). 


E30-17 Look back at the solution to Ex. 30-10. If C3 breaks down electrically then the circuit is 
effectively two capacitors in parallel. 

(b) AV = 115V after the breakdown. 

(a) ¢, = (10.3% 10-*F)(115 V) = 1.18 x 10-°C. 


E30-18 The 108uF capacitor originally has a charge of q = (108 x 107 °F)(52.4 V) = 5.66 107°C. 
After it is connected to the second capacitor the 108uF capacitor has a charge of q = (108 x 
10-°F) (35.8 V) = 3.87x10~3C. The difference in charge must reside on the second capacitor, so the 
capacitance is C = (1.79x 10~8C)/(35.8 V) = 5.00x 107 °F. 


E30-19| Consider any junction other than A or B. Call this junction point 0; label the four nearest 
junctions to this as points 1, 2, 3, and 4. The charge on the capacitor that links point 0 to point 1 is 
qi = CAVo1, where AVo, is the potential difference across the capacitor, so AVo; = Vo — Vi, where 
Vo is the potential at the junction 0, and V, is the potential at the junction 1. Similar expressions 
exist for the other three capacitors. 

For the junction 0 the net charge must be zero; there is no way for charge to cross the plates of 
the capacitors. Then qi + q2 + g3 + qa = 0, and this means 


CAVo1 + CAVo2 + CAVo3 + CAVoa = 0 


or 


AVo1 t AVoo t AVo3 t AVoa = 0. 
Let AVo; = Vo — Vi, and then rearrange, 


4Vo = Vi + Vo + V3 + Va, 


or 


Vo = —(Vit Vo+V34+ V4). 


Ale 


E30-20 U =uV = «oE?V/2, where V is the volume. Then 


1 
T= 5 (8.85 x 107 1?F /m)(150 V/m)?(2.0m?) = 1.99x107-"J. 
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E30-21 The total capacitance is (2100)(5.0x 10~°F) = 1.05x10~?F. The total energy stored is 
1 1 
ie 5C(AV)’ = 5 (1-05 x 10~?F) (55 x 10°V)? = 1.59107 J. 


The cost is 
$0.03 


1.59x 1073) | ————__ 
noes ) (SST 


) = $0.133. 


30-22 (a) U = $C(AV)? = $(0.061 F)(1.0x 104V)? = 3.05 x 10°J. 
(b) (3.05 x 10°J) /(3600 x 103J /kW - h) = 0.847kW - h. 


Nie 


E30-23| (a) The capacitance of an air filled parallel-plate capacitor is given by Eq. 30-5, 


cA _ (8.85x107!2F/m)(42.0 x 10~4m?) 


ae (1.30 x 10-3m) 


= 2.86x10-'UF. 


(b) The magnitude of the charge on each plate is given by 
q = CAV = (2.86 x 107"! F)(625 V) = 1.79x 1078 C. 


(c) The stored energy in a capacitor is given by Eq. 30-25, regardless of the type or shape of the 
capacitor, so 


1 1 
i gC(AV)’ = 9 (2:86 x 1071 F)(625 V)? = 5.59 wJ. 


(d) Assuming a parallel plate arrangement with no fringing effects, the magnitude of the electric 
field between the plates is given by Ed = AV, where d is the separation between the plates. Then 


E = AV/d = (625 V)/(0.00130m) = 4.81 x 10° V/m. 


(e) The energy density is Eq. 30-28, 


1 1 
“u= xo = 5 ((8.85x 10~'*F /m))(4.81 x 10° V/m)? = 1.02 J/m?. 
E30-24 The equivalent capacitance is given by 

1/Ceq = 1/(2.1210- °F) + 1/(3.88x 10° °F) = 1/(1.37x 10°F). 
The energy stored is U = $(1.37x 10~°F)(328 V)? = 7.37x 1077. 


E30-25 V/r = q/4reor? = E, so that if V is the potential of the sphere then E = V/r is the 
electric field on the surface. Then the energy density of the electric field near the surface is 


1 4 (8.85x10-!2F/m) / (8150V) \” Be 
u= 560k = 5 (ears) = 741x107*J/m’. 
E30-26 The charge on C3 can be found from considering the equivalent capacitance. g3 = (3.10x 
10-®F)(112 V) = 3.47x10~4C. The potential across C3 is given by [AV]3 = (3.47 x 1074C) /(3.90x 
10-°F) = 89.0V. 

The potential across the parallel segment is then (112 V) — (89.0V) = 23.0V. So [AV], = 
[AV]2 = 23.0V. 

Then qi = (10.3x10-5F)(23.0 V) = 2.37x107~4C and qo = (4.80 10-°F) (23.0 V) = 1.10x1074C.. 
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E30-27| There is enough work on this problem without deriving once again the electric field 
between charged cylinders. I will instead refer you back to Section 26-4, and state 


apo at 8 
~ Wnreg Lr’ 


where q is the magnitude of the charge on a cylinder and L is the length of the cylinders. 
The energy density as a function of radial distance is found from Eq. 30-28, 
1 2 1 ¢ 


—— E = 
ae 877¢9 L?r? 


The total energy stored in the electric field is given by Eq. 30-24, 


_1q@ _ ¢ In(b/a) 
~ DOW Dregs 


U 


where we substituted into the last part Eq. 30-11, the capacitance of a cylindrical capacitor. 

We want to show that integrating a volume integral from r = a to r = Vab over the energy 
density function will yield U/2. Since we want to do this problem the hard way, we will pretend we 
don’t know the answer, and integrate from r = a to r =, and then find out what c is. 


Then 
1 
gU = [uav, 
c Qr L 2 
1 
“ a i (sca pha) rer dode, 
a Jo Jo Te9 Ler 


2 c Qr L 
_ q dr 
7 al | i r aa 
g dr 


AregLh Jy 7’ 
Cat 


n-. 
4negh a 


Now we equate this to the value for U that we found above, and we solve for c. 


1 q? In(b/a) ¢ in © 

eae = n-— 

22 22regh 4nenpL a? 
In(b/a) = 21n(c/a), 


(b/a) = (c/a)’, 
Vab = «. 
E30-28 (a) d= «A/C, or 
d = (8.85 x 107 *F /m) (0.350 m?) /(51.3 x 107 '*F) = 6.04 x 1073m. 


(b) C = (5.60)(51.3x 10-12 F) = 2.87 10-1°F. 


E30-29 Originally, C, = €9A/d,. After the changes, Cz = KegA/dg. Dividing C2 by C; yields 
C2/Cy = kd, / da, sO 


K = dyC2/d1Cy = (2)(2.57x 107 '?F) /(1.32 x 107 '?F) = 3.89. 
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E30-30 The required capacitance is found from U = sC(AV)?, or 
C = 2(6.61x 10-°J)/(630 V)? = 3.33x107 UF. 
The dielectric constant required is « = (3.33 x 107" F)/(7.40 x 10~!7F) = 4.50. Try transformer oil. 


E30-31| Capacitance with dielectric media is given by Eq. 30-31, 


Keep A 

7 
The various sheets have different dielectric constants and different thicknesses, and we want to 
maximize C, which means maximizing k./d. For mica this ratio is 54 mm~, for glass this ratio is 
35 mm~!, and for paraffin this ratio is 0.20 mm~!. Mica wins. 


C= 


E30-32 The minimum plate separation is given by 
d = (4.13 x 10°V) /(18.2 x 10°V /m) = 2.27x 104m. 
The minimum plate area is then 


dC (2.27x 104m) (68.4 x 10-9F) : 
Pee ys = 0.627 m?. 
Ke (2.80) (8.85 x 10-!2F /m) oF 


E30-33 The capacitance of a cylindrical capacitor is given by Eq. 30-11, 


1.0x 103m 


se ee ee ng ei a 
in(0.588/0.11) me 


C = 2r(8.85 x 10~'?F /m)(2.6) 


E30-34 (a) U = C’(AV)?/2, C’ = kee9A/d, and AV/d is less than or equal to the dielectric 
strength (which we will call S). Then AV = Sd and 


1 
U= 5 heco Ads”, 


so the volume is given by 
V = 2U/kKee0S”. 


This quantity is a minimum for mica, so 
V = 2(250x 103) /(5.4)(8.85 x 107 '?F /m) (160 x 10°V /m)? = 0.41 m?. 
(b) Ke = 2U/VeS?, so 
Ke = 2(250 x 10°J)/(0.087m?)(8.85 x 107 '*F /m) (160 x 10°V /m)? = 25. 


E30-35| (a) The capacitance of a cylindrical capacitor is given by Eq. 30-11, 


L 
C=2 ——— 
mK In (b/a) 
The factor of «. is introduced because there is now a dielectric (the Pyrex drinking glass) between 


the plates. We can look back to Table 29-2 to get the dielectric properties of Pyrex. The capacitance 
of our “glass” is then 


(0.15 m) 
In((3.8 cm) /(3.6 cm) 


(b) The breakdown potential is (14 kV/mm)(2 mm) = 28 kV. 


= 7.3x10719F. 


C = 2n(8.85 x 107 1?F /m)(4.7) 
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E30-36 (a) C’ = KeC' = (6.5)(13.5x10-!2F) = 8.8x 10-1" BF. 
(b) Q = C'AV = (8.8x 10-!F)(12.5 V) = 1.1x 10-9C. 

(c) E = AV/d, but we don’t know d. 

(d) E’ = E/ke, but we couldn’t find FE. 


E30-37| (a) Insert the slab so that it is a distance a above the lower plate. Then the distance 
between the slab and the upper plate is d— a — b. Inserting the slab has the same effect as having 
two capacitors wired in series; the separation of the bottom capacitor is a, while that of the top 
capacitor is d—a— b. 

The bottom capacitor has a capacitance of C) = €)A/a, while the top capacitor has a capacitance 
of Cp = eg A/(d — a — b). Adding these in series, 


a re 
Cig Oy CR 
_ a d—a—b 
7 eo A Eo A : 
_ d-b 
7 eg A 


So the capacitance of the system after putting the copper slab in is C = eg A/(d— b). 
(b) The energy stored in the system before the slab is inserted is 
eee ae 

2C;i 2 eo A 


U; 


while the energy stored after the slab is inserted is 


2 2.7 b 
a ae 
2C; 2 eo A 


The ratio is Uj/Us = d/(d — b). 

(c) Since there was more energy before the slab was inserted, then the slab must have gone in 
willingly, it was pulled in!. To get the slab back out we will need to do work on the slab equal to 
the energy difference. 
qd gd—b qq b 
2 eo A 2 eg A > 2 eA. 


U;—-Usg = 


E30-38 (a) Insert the slab so that it is a distance a above the lower plate. Then the distance 
between the slab and the upper plate is d— a -— b. Inserting the slab has the same effect as having 
two capacitors wired in series; the separation of the bottom capacitor is a, while that of the top 
capacitor is d—a— b. 

The bottom capacitor has a capacitance of C) = €)9A/a, while the top capacitor has a capacitance 
of Cp = eg A/(d — a — b). Adding these in series, 


ee rr 
Ose ~ “Oi,” Ox 
= a d—a-—b 
7 eo A €E9A , 
_ d-b 
a EA’ 


So the capacitance of the system after putting the copper slab in is C = €)A/(d — b). 
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(b) The energy stored in the system before the slab is inserted is 


7, - CHAV)? _ (AV)? «0A 
cal 2 - 2 d 


while the energy stored after the slab is inserted is 


a CAV)? _ (AV)? 6A 
i: ine, war ee, 


The ratio is U;/U, = (d — b)/d. 

(c) Since there was more energy after the slab was inserted, then the slab must not have gone in 
willingly, it was being repelled!. To get the slab in we will need to do work on the slab equal to the 
energy difference. 


(AV) Eg A (AV)? eg A Ve (AV)? eo Ab 
2 d= 2 d 2 d(d—b) 


Us -U,= 


E30-39 C= kee0A/d, so d= Keg A/C. 
(a) BE = AV/d = CAV/kee9A, or 


(112 10-!2F)(55.0 V) 


E — 
(5.4)(8.85 x 10-!2F /m) (96.5 x 10-4m2) 


= 13400V/m. 


(b) Q = CAV = (112x107 !2F)(55.0 V) = 6.16 x 10-8C.. 
(c) Q! = Q(1—1/ke) = (6.16 x 10-9C)(1 — 1/(5.4)) = 5.02 10-9C. 


E30-40 (a) E = q/ke€9A, so 


(890 x 10-°C) 
(1.40 x 106V /m)(8.85 x 10-!2F /m)(110 x 10-4m?) 


= 6.53 


Ke = 


(b) q@! = q(1 —1/ke) = (890 10-°C)(1 — 1/(6.53)) = 7.54x10-7C. 


P30-1| The capacitance of the cylindrical capacitor is from Eq. 30-11, 


_ 2regh 
~ In(b/a)’ 


If the cylinders are very close together we can write b = a+ d, where d, the separation between the 
cylinders, is a small number, so 


2réegL 27ée9L 


ata Pala) Inara) 


Expanding according to the hint, 
oh 27e9L = 2raegh 


Cx 
d/a d 
Now 2z<a is the circumference of the cylinder, and L is the length, so 27aL is the area of a cylindrical 
plate. Hence, for small separation between the cylinders we have 
Eo A 
d 9 


Cr 


which is the expression for the parallel plates. 
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P30-2 (a) C = €9A/z; take the derivative and 


dC  edA eAdz 
dT «dT a? dT’ 

~ cf{it4_1%)\ 
AdT «dT 


(b) Since (1/A)dA/dT = 2a, and (1/x)dx/dT = as, we need 


Og = 2a, = 2(23x 10-8 /C°) = 46x 10-8 /C°. 


P30-3| Insert the slab so that it is a distance d above the lower plate. Then the distance between 
the slab and the upper plate is a—b—d. Inserting the slab has the same effect as having two capacitors 
wired in series; the separation of the bottom capacitor is d, while that of the top capacitor is a—b—d. 

The bottom capacitor has a capacitance of C) = €9A/d, while the top capacitor has a capacitance 
of C2 = eg A/(a — b — d). Adding these in series, 


1 11 
On: {On Ge 
d a—b-d 
a SA Eo A : 
ee ee, 
A 


So the capacitance of the system after putting the slab in is C = eg A/(a — b). 


P30-4 The potential difference between any two adjacent plates is AV. Each interior plate has a 
charge q on each surface; the exterior plate (one pink, one gray) has a charge of q on the interior 
surface only. 

The capacitance of one pink/gray plate pair is C = egA/d. There are n plates, but only n— 1 
plate pairs, so the total charge is (n — 1)q. This means the total capacitance is C = €9(n — 1) A/d. 


P30-5| Let AVp = 96.6V. 

As far as point e is concerned point a looks like it is originally positively charged, and point d is 
originally negatively charged. It is then convenient to define the charges on the capacitors in terms 
of the charges on the top sides, so the original charge on C} is q1,; = Ci; AVo while the original charge 
on C2 is go; = —C2AVo. Note the negative sign reflecting the opposite polarity of Co. 

(a) Conservation of charge requires 


di + d2i = M16 + dat, 


but since g = CAV and the two capacitors will be at the same potential after the switches are closed 
we can write 


CiAVo = CyoAVo = Ci AV + CoAV, 
(Cy — Cz) AVo = (C1 + C2) AV, 


C=G 
te RY tA 
ep aot 


With numbers, 
(1.16 uF) — (3.22 uF) 
AV= : = —45.4V. 
V = (96-6 V) G56 uk) + (3.22 uF) 
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The negative sign means that the top sides of both capacitor will be negatively charged after the 
switches are closed. 

(b) The charge on Cy is Cp AV = (1.16 wF)(45.4 V) = 52.7uC. 

(c) The charge on C2 is CoAV = (3.22 wF)(45.4V) = 146uC. 


P30-6 Cy and C3 form an effective capacitor with equivalent capacitance Cy = C2C3/(C2 + C3). 
The charge on C; is originally gg = Ci AVo. After throwing the switch the potential across C1 
is given by q, = Ci AV,. The same potential is across Ca; g2 = 3, 80 gg = CaAV,. Charge is 
conserved, so q, + g2 = qo. Combining some of the above, 


do Cy 
L— => A 
a CREGs OEE a 
and then O O (C A 
a3 
=~ _ AW = i AV. 
aan RE a a ONG EEV G OSERTON oar 
Similarly, 
Cory 1 1 4 
ye AV Pa A A 
eT Oude (Stata) 7 


q3 = q2 because they are in series. 


P30-7| (a) If terminal a is more positive than terminal b then current can flow that will charge the 
capacitor on the left, the current can flow through the diode on the top, and the current can charge 
the capacitor on the right. Current will not flow through the diode on the left. The capacitors are 
effectively in series. 

Since the capacitors are identical and series capacitors have the same charge, we expect the 
capacitors to have the same potential difference across them. But the total potential difference 
across both capacitors is equal to 100 V, so the potential difference across either capacitor is 50 V. 

The output pins are connected to the capacitor on the right, so the potential difference across 
the output is 50 V. 

(b) If terminal b is more positive than terminal a the current can flow through the diode on the 
left. If we assume the diode is resistanceless in this configuration then the potential difference across 
it will be zero. The net result is that the potential difference across the output pins is 0 V. 

In real life the potential difference across the diode would not be zero, even if forward biased. It 
will be somewhere around 0.5 Volts. 


P30-8 Divide the strip of width a into N segments, each of width Av = a/N. The capacitance of 
each strip is AC’ = egaAa/y. If @ is small then 


1 1 1 d 
y d+asin0 d+20 ( a07¢) 


Since parallel capacitances add, 


a 2 
= _ 04 7 _ 0a" (,_ a8 
C=) AC=— [o 26 /d)de = > (1 =) 
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P30-9 (a) When S2 is open the circuit acts as two parallel capacitors. The branch on the left has 
an effective capacitance given by 
1 1 1 1 


©, ~ (.0x10-8F) | (3.0x10-°F) ~ 7.5x10—"F’ 


while the branch on the right has an effective capacitance given by 


1 1 1 1 


Ci (2.0x10-°F)  (4.0x10-6F) 1.33 10-SF’ 


The charge on either capacitor in the branch on the left is 
q = (7.5x10-"F)(12 V) = 9.0x10-®C, 
while the charge on either capacitor in the branch on the right is 
G=(138x10- °F) (12 V) = 1,68 10°, 


(b) After closing S2 the circuit is effectively two capacitors in series. The top part has an effective 
capacitance of 
Cy = (1.0x10-*F) + (2.0x10~ °F) = (3.0x 10°F), 


while the effective capacitance of the bottom part is 
Cy = (3.0x10- °F) + (4.0x 10°F) = (7.0x 107 °F). 
The effective capacitance of the series combination is given by 


1 1 1 1 


Cea (8.0x10-°F) * (7.0x10-8F) ~ 2.1x10-5F" 


The charge on each part is g = (2.1x10~°F)(12 V) = 2.52x10~°C. The potential difference across 
the top part is 
AV, = (2.52 107°C) /(3.0x 10°F) = 8.4V, 


and then the charge on the top two capacitors is q = (1.0x 10~°F)(8.4V) = 8.4x 107°C and 
q2 = (2.0x 10°F) (8.4 V) = 1.68 x 10-°C. The potential difference across the bottom part is 


AV, = (2.52x 107-°C)/(7.0x 10°F) = 3.6V, 


and then the charge on the top two capacitors is q, = (3.0 x 10~°F)(3.6V) = 1.08 10~°C and 
gz = (4.0x 10-SF)(3.6 V) = 1.44x 107°C. 


P30-10 Let AV = AV,,. By symmetry AV, = 0 and AV, AV, AVs AV3 AV/2. 
Suddenly the problem is very easy. The charges on each capacitor is q1, except for gg = 0. Then the 
equivalent capacitance of the circuit is 


q qi + qa 6 
e SS => => 4, 1 F. 
C q AV 2AV, Ci 0x10 


78 


P30-11] (a) The charge on the capacitor with stored energy Up = 4.0J is qo, where 


2 
do 

Up) = —. 
w= 80 

When this capacitor is connected to an identical uncharged capacitor the charge is shared equally, 
so that the charge on either capacitor is now q = qo/2. The stored energy in one capacitor is then 

¢ _ 4/4 _1 


oer. eas 


But there are two capacitors, so the total energy stored is 2U = U)/2 = 2.0J. 

(b) Good question. Current had to flow through the connecting wires to get the charge from one 
capacitor to the other. Originally the second capacitor was uncharged, so the potential difference 
across that capacitor would have been zero, which means the potential difference across the con- 
necting wires would have been equal to that of the first capacitor, and there would then have been 
energy dissipation in the wires according to 


P77 R: 
That’s where the missing energy went. 
P30-12 R= pL/A and C = 6, A/L. Combining, R = peo/C, or 


R= (9.40 - m)(8.85 x 107!?F /m)/(110 x 107 !F) = 0.756. 


P30-13 (a) u= Se0E? = e?/32n7e9r4. 


0-1 
(b) U = fudV where dV = 4rr?dr. Then 


2 e? e 1 
U =4npi 7? dr= ae 
ne i: 3272 e9r4 oe 87e9 R 


(c) R = e?/8megmc?, or 


(1.60 x 10-29)? 


R = 
87(8.85 x 10-!2F/m) (9.11 x 10-31kg) (3.00 x 108m/s) 


5 = 140x 107m. 


P30-14 U=3¢?/C = @x/2Aep. F = dU/dx = q?/2Ae. 


P30-15| According to Problem 14, the force on a plate of a parallel plate capacitor is 


¢ 


= 269A , 


The force per unit area is then 

Ee ¢ = o? 

A a 2€,.A? a Qe’ 
where o = q/A is the surface charge density. But we know that the electric field near the surface of 
a conductor is given by E = a/€9, so 


Foo 
— = eg F?, 
A x 
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P30-16 A small surface area element dA carries a charge dq = qdA/47R?. There are three forces 
on the elements which balance, so 


p(Vo/V)dA + qdq/4megR? = pdA, 
or 
pRB + q?/16n7e9R = pR?. 
This can be rearranged as 


¢ = 167 eopR(R? — R8). 


P30-17 The magnitude of the electric field in the cylindrical region is given by EF = /27¢9r, 
where 2 is the linear charge density on the anode. The potential difference is given by AV = 
(A/27€9) In(b/a), where a is the radius of the anode b the radius of the cathode. Combining, EF = 
AV /rn(b/a), this will be a maximum when r = a, so 


AV = (0.180 x 10~°m) In[(11.0 x 107m) /(0.180 x 107 *m)]}(2.20 x 10°V/m) = 1630 V. 


P30-18 This is effectively two capacitors in parallel, each with an area of A/2. Then 


€9A/2 4. €9A/2 = Eo A Kel + Ke2 
gq. Re Sg 2 


Ceq = Kel 


P30-19| We will treat the system as two capacitors in series by pretending there is an infinitesi- 
mally thin conductor between them. The slabs are (I assume) the same thickness. The capacitance 
of one of the slabs is then given by Eq. 30-31, 


where d/2 is the thickness of the slab. There would be a similar expression for the other slab. The 
equivalent series capacitance would be given by Eq. 30-21, 
1 1 1 
Coq Cy Cy’ 
d/2 a d/2 
KeieoA  Ke2€oA’ 


d Ke2 T Kel 


2€e9A Kel Ke2 
269A Rei Ke2 


Ceq = 


d Ke2 T Kel 


P30-20 ‘Treat this as three capacitors. Find the equivalent capacitance of the series combination 
on the right, and then add on the parallel part on the left. The right hand side is 


1 d d 2d Ca 


Coq i kere A/2 a Ke3€0A/2 = Eo A 
Add this to the left hand side, and 


Ke2he3 


C= 


Kei eg A/2 ny €oA Ke2e3 
2d 2d Ke2 + Ke3 


— €A (Kel | Ke2tes 
° 2d 2 Ke2 + Ke3 ; 
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P30-21 (a) gq doesn’t change, but C’ = C/2. Then AV’ = q/C = 2AV. 
) U = C(AV)?/2 = eg A(AV)2/2d. U! = C’(AV")?/2 = eg A(2AV)?/4d = 2U. 
c) W=U'-U=2U —U =U = @A(AV)?/2d. 


P30-22 The total energy is U = g6V/2 = (7.02 10-!°C) (52.3 V) /2 = 1.84x1078J. 
(a) In the air gap we have 
pr, =< 0BBV _ (8.85% 10-7 F /m) (6.9 x 10°V /m)?(1.15% 10-?m?)(4.6%107%m) _ 1 4) yg-8y 
2 2 
That is (1.11/1.85) = 60% of the total. 
(b) The remaining 40% is in the slab. 


P30-23 (a) C = eA/d = (8.85x 107 !2F /m)(0.118 m2) /(1.22x 102m) = 8.56 107! F. 
(b) Use the results of Problem 30-24. 


(4.8) (8.85 x 10-!2F /m) (0.118 m?) 


=1.19x1071°F 
(4.8) (1.22 x 10-2m) — (4.3 x 10-3m)(4.8 — 1) sae 


Cea 


(c) gq = CAV = (8.56 x 107! F)(120 V) = 1.03 x 10~8C; since the battery is disconnected q/ = q. 

(d) E = q/e9A = (1.03 x 10~8C) /(8.85 x 10-!*F /m)(0.118 m?) = 9860 V/m in the space between 
the plates. 

(c) E! = E/ke = (9860 V /m) /(4.8) = 2050 V/m in the dielectric. 

(f) AV! = q/C" = (1.03x 10-8C) /(1.19 x 10- °F) = 86.6V. 

(¢) W =U! —U =@(1/C —1/C’)/2, or 


(1.03 x 10~8C)? 


W= 5 


[1/(8.56x 10-11F) — 1/(1.19x 107-!°F)] = 1.73 x1077J. 

P30-24 The result is effectively three capacitors in series. Two are air filled with thicknesses of 
x and d—b— 2, the third is dielectric filled with thickness b. All have an area A. The effective 
capacitance is given by 


1 «@ | d-b-2 | b 
C= ek” eg A " Keép A’ 
1 b 

= d—b)4 
aa (@-9 +2), 
= Eo A 
gs d—b+b/Ke’ 
7 Ke€oA 
Ke — b(Ke — 1) 
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E31-1 (5.12 A)(6.00 V)(5.75 min)(60 s/min) = 1.06 104J. 


E31-2 (a) (12.0 V)(1.60 10-!9C) = 1.92 10-!8J. 
(b) (1.92 x 10-48J)(3.40 x 10!8/s) = 6.53 W. 


E31-3]| If the energy is delivered at a rate of 110 W, then the current through the battery is 


_ P (110W) 
es =9.17A. 
Ay a 


Current is the flow of charge in some period of time, so 


Aq (125 A-h) 
At=—= =13.6h 
i (9.2 A) sores 


which is the same as 13 hours and 36 minutes. 


E31-4 (100W)(8 h) = 800 W- h. 
(a) (800 W - h)/(2.0 W -h) = 400 batteries, at a cost of (400)($0.80) = $320. 
(b) (800 W - h)($0.12x 10-3 W - h) = $0.096. 


E31-5| Go all of the way around the circuit. It is a simple one loop circuit, and although it does 
not matter which way we go around, we will follow the direction of the larger emf. Then 


(150 V) — 7(2.09) — (50 V) — 2(3.0Q) = 0, 
where 7 is positive if it is counterclockwise. Rearranging, 
100 V = i(5.09), 


ori =20A. 
Assuming the potential at P is Vp = 100V, then the potential at Q will be given by 


Vo = Vp — (50V) — (3.0) = (100 V) — (50 V) — (20 A)(3.0Q) = —10V. 


E31-6 (a) Req = (102) + (1400) = 1500. i = (12.0 V)/(1502) = 0.080.A. 
(b) Req = (102) + (802) = 900. i = (12.0 V)/(90Q) = 0.133 A. 
(c) Req = (10Q) + (200) = 300. i = (12.0 V)/(30Q) = 0.400 A. 


E31-7 (a) Req = (3.0V — 2.0 V)/(0.050 A) = 20. Then R = (20Q) — (3.09) — (3.09) = 142. 
(b) P =iAV =i?R = (0.050.A)?(14Q) = 3.5x10-2W. 


E31-8 (5.0A)R; = AV. (4.0A)(R, +2.0Q) = AV. Combining, 5R; = 4R, +8.0Q, or Ry = 8.02. 


E31-9 (a) (53.0 W)/(1.20 A) = 44.2V. 

(b) (1.20 A)(19.0Q) = 22.8V is the potential difference across R. Then an additional potential 
difference of (44.2 V) — (22.8V) = 21.4V must exist across C. 

(c) The left side is positive; it is a reverse emf. 


E31-10 (a) The current in the resistor is \/(9.88 W)/(0.108Q) = 9.56 A. The total resistance of 
the circuit is (1.50 V)/(9.56 A) = 0.157Q. The internal resistance of the battery is then (0.1572) — 
(0.108 2) = 0.049 Q. 

(b) (9.88 W)/(9.56 A) = 1.03 V. 
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E31-11] We assign directions to the currents through the four resistors as shown in the figure. 


Since the ammeter has no resistance the potential at a is the same as the potential at b. Con- 
sequently the potential difference (AV},) across both of the bottom resistors is the same, and the 
potential difference (AV;) across the two top resistors is also the same (but different from the 
bottom). We then have the following relationships: 

AV; + AV» aa é; 
tig = i3+%4, 
AV; = 1; R;, 
where the 7 subscript in the last line refers to resistor 1, 2, 3, or 4. 

For the top resistors, 

AV, = AVo implies 204 = 123 
while for the bottom resistors, 

AV3 = AV, implies 13 = 14. 
Then the junction rule requires 14 = 37/2, and the loop rule requires 


(i1)(2R) + (3i1/2)(R) = € or iy = 2€/(7R). 


The current that flows through the ammeter is the difference between ig and i4, or 4€/(7R) — 
3E/(7R) = E/(7R). 


E31-12 (a) Define the current i; as moving to the left through r; and the current i2 as moving 
to the left through ro. 73 = 71 + ig is moving to the right through R. Then there are two loop 
equations: 
& = uri tisk, 
Eo = (3 —i1)re + 73R. 
Multiply the top equation by rz and the bottom by r; and then add: 
rg€y + rEg = igryre + igR(r1 + r2), 


which can be rearranged as 
= T2Ey + r1€2 


~ ryro + Rry + Bro’ 


(b) There is only one current, so 
Ey + &5 = i(ry +ro+R), 
or 
— Ex +&, 
Try t+reat+ R 
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E31-13| (a) Assume that the current flows through each source of emf in the same direction as 
the emf. The the loop rule will give us three equations 


Ey —1,R, + i2Reo- Eo —-4R, = 0, 
Eo —igRo+ 13.R4 a 3 + 13.Ry4 = 0, 
Ey — 1,R, + 13k, —€3+i3R, —74Rk,; = 0. 


The junction rule (looks at point a) gives us i; +72+i3 = 0. Use this to eliminate 72 from the second 
loop equation, 
€2 + 1, Ro + iz3Ry + 2i3R, — €3 = 0, 


and then combine this with the the third equation to eliminate 73, 


€, Ro — €3Ro + 213 Ry Ro + 2€R, + 2i3R, Ro + 4i3R? — 2€3R, = 0, 


or 
2E3R €3Ry — E€, Ro — 2E2.R 
oe es OE Se Ai Ry 
4R, Ro + 4Ry 
Then we can find 7, from 
ee eee 
pe tales Maks _ 5668 A 


Ry 


where the negative sign indicates the current is down. 
Finally, we can find ig = —(#1 +73) = 0.0854 A. 
(b) Start at a and go to 6 (final minus initial!), 


+igR2 — €, = —3.60V. 


E31-14 (a) The current through the circuit is i = €/(r + R). The power delivered to R is then 
P=idV =??R= €?R/(r+ R)?. Evaluate dP/dR and set it equal to zero to find the maximum. 


Then 
dP apn T-R 


0= —~ = €*R—_.7 
dR (r+ R)?? 
which has the solution r = R. 
(b) When r = R the power is 
1 E? 
P= €?R—__ _ = —. 
(R+R)? 9 4r 


E31-15| (a) We first use P = Fv to find the power output by the electric motor. Then P = 
(2.0 N)(0.50 m/s) = 1.0 W. 

The potential difference across the motor is AV, = € — ir. The power output from the motor is 
the rate of energy dissipation, so Py, = AV »i. Combining these two expressions, 


Ph = (E-ir)i, 
= €i-ir, 
0 = -?r+&i- Pn, 
0 = (0.500)i? — (2.0V)i+(1.0W). 


Rearrange and solve for 7, 


(2.0 V) + /2.0V)? —4(0.509)(1.0W) 
2(0.50.9) 


= 


84 


which has solutions i = 3.4A and i = 0.59 A. 

(b) The potential difference across the terminals of the motor is AV,, = € —ir which ifi =3.4A 
yields AV, = 0.3 V, but if i = 0.59 A yields AV, = 1.7V. The battery provides an emf of 2.0 V; it 
isn’t possible for the potential difference across the motor to be larger than this, but both solutions 
seem to satisfy this constraint, so we will move to the next part and see what happens. 

(c) So what is the significance of the two possible solutions? It is a consequence of the fact that 
power is related to the current squared, and with any quadratics we expect two solutions. Both 
are possible, but it might be that only one is stable, or even that neither is stable, and a small 
perturbation to the friction involved in turning the motor will cause the system to break down. We 
will learn in a later chapter that the effective resistance of an electric motor depends on the speed 
at which it is spinning, and although that won’t affect the problem here as worded, it will affect the 
physical problem that provided the numbers in this problem! 


E31-16 reg = 4r = 4(18Q) = 720. The current is i = (27 V)/(72Q) = 0.375 A. 


E31-17| In parallel connections of two resistors the effective resistance is less than the smaller 
resistance but larger than half the smaller resistance. In series connections of two resistors the 
effective resistance is greater than the larger resistance but less than twice the larger resistance. 
Since the effective resistance of the parallel combination is less than either single resistance 
and the effective resistance of the series combinations is larger than either single resistance we can 
conclude that 3.0Q must have been the parallel combination and 162 must have been the series 
combination. 
The resistors are then 4.0Q and 12 resistors. 


E31-18 Points B and C are effectively the same point! 
(a) The three resistors are in parallel. Then reg = R/3. 
(b) See (a). 

(c) 0, since there is no resistance between B and C. 


E31-19 Focus on the loop through the battery, the 3.0, and the 5.02 resistors. The loop rule 
yields 
(12.0 V) = ¢[(3.0Q) + (5.0Q)] = 7(8.0Q). 


The potential difference across the 5.0 resistor is then 


AV = i(5.09) = (5.00) (12.0 V)/(8.0Q) = 7.5V. 


E31-20 Each lamp draws a current of (500W)/(120V) = 4.17A. Furthermore, the fuse can 
support (15 A)/(4.17 A) = 3.60 lamps. That is a maximum of 3. 


E31-21 The current in the series combination is i, = E€/(R, + R2). The power dissipated is 
P, =i€ = E7/(R, + Ro). 

In a parallel arrangement R, dissipates P, = i1€ = €? /R,. A similar expression exists for Ro, 
so the total power dissipated is Pp = €°(1/R, + 1/Rz). 

The ratio is 5, so 5 = Pp/Ps = (1/Ri + 1/R2)(Ri + Ro), or 5Ry Ry = (Ri + R)?. Solving for 
Ro yields 2.618R, or 0.382R,. Then Ry = 2620 or Rg = 38.220. 
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E31-22 Combining n identical resistors in series results in an equivalent resistance of reg = nF. 
Combining n identical resistors in parallel results in an equivalent resistance of reg = R/n. If the 
resistors are arranged in a square array consisting of n parallel branches of n series resistors, then 
the effective resistance is R. Each will dissipate a power P, together they will dissipate n?P. 

So we want nine resistors, since four would be too small. 


E31-23| (a) Work through the circuit one step at a time. We first “add” Ro, Rs, and Ry, in 
parallel: 


| 1 {re 
Ree 42.02 ° 61.62 ° 75.02 18.72 
We then “add” this resistance in series with R1, 


Reg = (112Q) + (18.7) = 1319. 


(b) The current through the battery is 1 = €/R = (6.22 V)/(131Q) = 47.5 mA. This is also the 
current through R,, since all the current through the battery must also go through R,. 

The potential difference across R; is AV, = (47.5 mA)(112Q) = 5.32 V. The potential difference 
across each of the three remaining resistors is 6.22 V — 5.82 V = 0.90 V. 

The current through each resistor is then 


ig = (0.90V)/(42.02) =21.4 mA, 
is = (0.90V)/(61.62) =14.6 mA, 
i4 = (0.90 V)/(75.09) = 12.0 mA. 


E31-24 The equivalent resistance of the parallel part is r’ = Ro2R/(R2 + R). The equivalent 
resistance for the circuit is r = Ry + RoR/(R2o+ R). The current through the circuit is i’ = E/r. 
The potential difference across R is AV = € — i’ R,, or 


AV = €&(1-R;,/r), 
Ro+R ) 


= €(1-R 

( “Ri Ro + RiR+ RR2 
; RR» 

R,R.+ Ri R+ RR 


Since P = iAV = (AV)?/R, 
2 RR} 
(Ri Ro + RiR+ RRo)? 
Set dP/dR = 0, the solution is R = Ri R2/(Ri + Re). 


E31-25| (a) First “add” the left two resistors in series; the effective resistance of that branch is 
2R. Then “add” the right two resistors in series; the effective resistance of that branch is also 2R. 
Now we combine the three parallel branches and find the effective resistance to be 
re | i 1 Ec 1 4 
Ree 2R Ro 2R- 2R’ 


or Reg = R/2. 

(b) First we “add” the right two resistors in series; the effective resistance of that branch is 2R. 
We then combine this branch with the resistor which connects points F and H. This is a parallel 
connection, so the effective resistance is 


or 2R/3. 

This value is effectively in series with the resistor which connects G and H, so the “total” is 
5R/3. 

Finally, we can combine this value in parallel with the resistor that directly connects F' and G 


according to 
ty, +d Fe 3 68 
Rag ORO SRO DR 


or Reg = 5R/8. 


E31-26 The resistance of the second resistor is rg = (2.4V)/(0.001 A) = 24002. The potential 
difference across the first resistor is (12 V) — (2.4V) = 9.6V. The resistance of the first resistor is 
(9.6 V)/(0.001 A) = 96002. 


E31-27 See Exercise 31-26. The resistance ratio is 


mr, (0.95+0.1V) 
Ty +12 (1.50 V) : 
or 
rp (1.50 V) 


r,  (0.95£0.1V) 


The allowed range for the ratio r2/r; is between 0.5625 and 0.5957. 

We can choose any standard resistors we want, and we could use any tolerance, but then we 
will need to check our results. 22Q and 392 would work; as would 270 and 470. There are other 
choices. 


E31-28| Consider any junction other than A or B. Call this junction point 0; label the four 
nearest junctions to this as points 1, 2, 3, and 4. The current through the resistor that links 
point 0 to point 1 is i; = AVo,/R, where AVo, is the potential difference across the resistor, so 
AVo1 = Vo — Vi, where Vo is the potential at the junction 0, and V; is the potential at the junction 
1. Similar expressions exist for the other three resistor. 

For the junction 0 the net current must be zero; there is no way for charge to accumulate on the 
junction. Then 7; + 722 +73 + %4 = 0, and this means 


AVo1/R + AVoo/R + AVos/R + AVos/R =0 


or 


AVo1 + AVoo Tr AVo3 + AVoa = 0. 
Let AVo; = Vo — Vi, and then rearrange, 


AVG) = Vise Vor Vg Vay 


or 
1 
Vo= 7 M+ Vat Va + Va). 


E31-29| The current through the radio is i = P/AV = (7.5 W)/(9.0V) = 0.83A. The radio 
was left one for 6 hours, or 2.16x10+s. The total charge to flow through the radio in that time is 
(0.83 A)(2.16 x 104s) = 1.8x10*C. 


E31-30 The power dissipated by the headlights is (9.7 A)(12.0V) = 116W. The power required 
by the engine is (116 W)/(0.82) = 142 W, which is equivalent to 0.190 hp. 
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E31-31 (a) P = (120 V)(120V)/(14.0Q) = 1030 W. 
(b) W = (1030 W)(6.42 h) = 6.61 kW -h. The cost is $0.345. 


E31-32 


E31-33| We want to apply either Eq. 31-21, 


Pp =??R, 


or Eq. 31-22, 
Pr > (AVp)?/R, 


depending on whether we are in series (the current is the same through each bulb), or in parallel 
(the potential difference across each bulb is the same. The brightness of a bulb will be measured by 
P, even though P is not necessarily a measure of the rate radiant energy is emitted from the bulb. 

(b) If the bulbs are in parallel then Pr = (AVr)?/R is how we want to compare the brightness. 
The potential difference across each bulb is the same, so the bulb with the smaller resistance is 
brighter. 

(b) If the bulbs are in series then Pr = i?R is how we want to compare the brightness. Both 
bulbs have the same current, so the larger value of R results in the brighter bulb. 

One direct consequence of this can be tried at home. Wire up a 60 W, 120 V bulb and a 100 W, 
120 V bulb in series. Which is brighter? You should observe that the 60 W bulb will be brighter. 


E31-34 (a) j =i/A = (25A)/7(0.05 in) = 3180 A/in? = 4.93x10°A /m?. 
(b) E = pj = (1.69x10-8Q- m) (4.93 x 108A /m?) = 8.33x10-2V/m. 
(c) AV = Ed = (8.33 10-2V/m)(305 m) = 25 V. 
(d) P =iAV = (25.A)(25 V) = 625 W. 


E31-35 (a) The bulb is on for 744 hours. The energy consumed is (100 W)(744 h) = 74.4 kW -h, 
at a cost of (74.4)(0.06) = $4.46. 

(b) r = V2/P = (120 V)2/(100 W) = 1440. 

(c) i= P/V = (100 W)/(120 V) = 0.83 A. 


E31-36 P= (AV)?/r and r =ro(1+aAT). Then 


Py (500 W) 


P= — — 
1 +aAT ~ T+ (40x10-4/6")(—60008) ~ COW 


E31-37 (a) n= q/e = it/e, so 
n = (485 x 107°A)(95 x 1079s) /(1.6 x 107'9C) = 2.88 x10". 
(b) tay = (520/s)(485 x 107A) (95 x 1079s) = 2.4x1075A. 


(c) Pp = ip AV = (485x10~3A) (47.7x106V) = 2.3x10°W; while P, = i, AV = (2.4x107-5A) (47.7% 
10°V) = 1.14 10°W. 


E31-38 r= pL/A = (3.5x10~-°Q- m)(1.96 x 10~2m) /7(5.12 x 10-3m)? = 8.33 10-3Q. 
(a) i= /P/r = (1.55 W)/(8.33x 10-89) = 13.6.A, so 


j =i/A = (13.6 A) /2(5.12x 107-?m)? = 1.66 x 10°A/m?. 


(b) AV = VPr = \/(1.55 W)(8.33x 10-3) = 0.114V. 


88 


E31-39| (a) The current through the wire is 


i = P/AV = (4800 W)/(75 V) = 64A, 
The resistance of the wire is 

R=AV/i = (75 V)/(64A) = 1.179. 
The length of the wire is then found from 


—6,2 
1 — RA _ (L179)(2.6x1078 m?) _ 
p (5.0x 10-7 Qm) 


One could easily wind this much nichrome to make a toaster oven. Of course allowing 64 Amps to 
be drawn through household wiring will likely blow a fuse. 
(b) We want to combine the above calculations into one formula, so 


_ RA_ AAV/i _ A(AV)? 


L 
p p Pp 


then 

(2.6 x 10-® m?)(110 V)? 

(4800 W) (5.0 x 10-7 Om) 
Hmm. We need more wire if the potential difference is increased? Does this make sense? Yes, it 
does. We need more wire because we need more resistance to decrease the current so that the same 


power output occurs. 


E31-40 (a) The energy required to bring the water to boiling is Q = mCAT. The time required 
is 


Q (2.1kg) (4200 J/kg) (100°C — 18.5°C) 


t= = = 22710" 
0.77P 0.77(420 W) ore 
(b) The additional time required to boil half of the water away is 
L/2 2.1kg) (2.26 x 10°J/kg) /2 
,_mb/2 _ (2.1kg)(2.26%10°F/kg)/2 oa uy 


> ee 0.77(420 W) 


E31-41]| (a) Integrate both sides of Eq. 31-26; 


a dq = ae 
0 q—-€C 7 0 RC’ 
t t 
= q — at 
In ieee ayers 
-—EC = RC’ 
q-€C => .g HIRO 
-EC : 


q = EC(1-e WRC) 


That wasn’t so bad, was it? 
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(b) Rearrange Eq. 31-26 in order to get gq terms on the left and ¢ terms on the right, then 


integrate; 
[ dq _ * dt 
do qd 0 RC 
t 
t 
Ing? = ~~ pA > 
qo RC 5 
GON at oo 
qo RC 
Ge oe en t/ RC 
qo 
q = qe /Fe, 


That wasn’t so bad either, was it? 


E31-42 (a) to = RC = (1.42x 106M) (1.80 x 10-°F) = 2.56s. 
(b) go = CAV = (1.80x 10-SF)(11.0V) = 1.98x 10-5C. 
(c) t= —tc In(1 — g/qo), so 
t = —(2.56s) In(1 — 15.5x 107°C/1.98x 107°C) = 3.91s. 


E31-43 Solve n = t/tc = —In(1 — 0.99) = 4.61. 


E31-44 (a) AV = €(1—e7*/7), so 
To = —(1.28x 1078s) /In(1 — 5.00 V/13.0 V) = 2.64 107®s 
(b) C =7¢/R = (2.64 10~6s) /(15.2 x 10°Q) = 1.73 x 1071°F 


E31-45 (a) AV = €e~*/", so 
To = —(10.0s)/In(1.06 V/100 V) = 2.20 
(b) AV = (100 V)e7178/2-208 — 4.4x 1072V. 


E31-46 AV = €e~*/Te and tc = RC, so 
t t t 
=~ Gin(AV/AW) ~ 20x10 F)In(08V/5V) ~ 403x10-7F" 
If t is between 10.0 us and 6.0ms, then R is between 


R= (10x 107°s) /(4.03 x 107 "F) = 24.89, 


and 
R= (6x1073s) /(4.03 x 10-"F) = 14.9 10°. 


E31-47| The charge on the capacitor needs to build up to a point where the potential across the 
capacitor is Vz = 72 V, and this needs to happen within 0.5 seconds. This means that we want to 
solve 


CAV; = CE (1 - eT/R°) 
for R knowing that T = 0.5s. This expression can be written as 
T (0.5s) 


R= Cln(1 — Vz /E€) ~ (0.15 wC) In(1 — (72 V)/(95 V)) = 2.35 x 10°. 
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E31-48 (a) go = V2UC = 4/2(0.50J)(1.0x 10-8F) = 1x 10-3C. 
(b) ip = AVo/R = go/RC = (1x 10-3C) /(1.0x 10Q) (1.0 x 10-SF) = 1x 1073A. 
(c) AVco = AVYoe*/Te, so 


Mie (1x 107°C) e—t/(1-0x10°2)(1.0x10~ °F) __ (1000 V)e7t/ (2-08) 


(1.0 10-§F) 


Note that AVr = AVo. 
(d) Pr = (AVp)?/R, so 


Pr = (1000 V)2e7 74/9) (1 x 108w) = (1 W)e7 24/408), 


E31-49 (a) i = dq/dt = Ee~*/¢ /R, so 


= 3 rauan e7 (1.08) /(3.0x10°O) (1.0x10~ °F) =O 55x 107A. 


(b) Po =iAV = (E2/R)e~*/7¢ (1 — e~*/7C), g0 


(4.0 Vv)? -(1 0 ) 6 —6 Os 6 —6 2 
pie .0.s)/(3.0x10°Q) (1.0x107 °F) ( _ ,—(1.08)/(3.0x10°Q) (1.0x10 F)| ay Gy. 
C (8.0 1082) © 1 e€ 1.08 x 10 W 


(c) Pr =7?R = (€7/R)e—/", so 


(4.0 )? —2(1.0s) e me = 
P V 0s) /(3-0x10°Q)(1.0x10~°F) _ 9 by. 
x (3.0 x 105) © acacia 


(d) P= Prt Po, or 
P = 2.74x107°W + 1.08x 107-°W = 3.82« 107-°W 


E31-50 ‘The rate of energy dissipation in the resistor is 
Pr =?R = (E?/R)e~*/7¢, 


[oe €2 [oe €2 
Prdt = ar, | eee 6 
i R R | e 2 ) 


but that is the original energy stored in the capacitor. 


Evaluating 


P31-1| The terminal voltage of the battery is given by V = € — ir, so the internal resistance is 


_€-V_ (120V)-(114V) 


= 0.0120 
No Og (50 A) nes 
so the battery appears within specs. 
The resistance of the wire is given by 
AV (3.0V) 
i (50 A) O08 
so the cable appears to be bad. 
What about the motor? Trying it, 
A 11.4V) — (3. 
R= Lame N) (3.0V) _ 9 168.2, 


i (50 A) 


so it appears to be within spec. 
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P31-2 Traversing the circuit we have 
E-iry + E€-irg -—iR=0, 
so 1 = 2€/(r, +1r2 + R). The potential difference across the first battery is then 
2ry ) r2-T11+ R 
ri treat Rk rm trea+Rk 


This quantity will only vanish if rg —7r,; + R = 0, or r) = R+ 19. Since r, > re this is actually 
possible; R =r, — ro. 


av =€-in =E(1 


P31-3) AV =€-— ir; andi=€/(ri + R), so 
R 
rnrt+R 


AV=€ 


ES 


There are then two simultaneous equations: 
(0.10 V) (500 Q) + (0.10 V)r; = E(500 9) 
and 
(0.16 V)(1000 2) + (0.16 V)r; = €(1000Q), 


with solution 

(a) rj = 1.51030 and 

(b) € = 0.400V. 

(c) The cell receives energy from the sun at a rate (2.0 mW/cm7)(5.0 cm?) = 0.010 W. The cell 
converts energy at arate of V7/R = (0.16 V)?/(1000Q) = 0.26 % 


P31-4 (a) The emf of the battery can be found from 
E = ir; + AV, = (10 A)(0.05Q) + (12 V) = 12.5V 


(b) Assume that resistance is not a function of temperature. The resistance of the headlights is 
then 
r, = (12.0 V)/(10.0 A) = 1.29. 


The potential difference across the lights when the starter motor is on is 
AV, = (8.0 A)(1.2Q) = 9.6V, 


and this is also the potential difference across the terminals of the battery. The current through the 
battery is then 


ie E—AV _ (12.5V) — (9.6 V) 
PM (0.05 2) 
so the current through the motor is 50 Amps. 


=58A, 


P31-5 (a) The resistivities are 
pa = raA/L = (76.2x 10~°Q)(91.0 x 107 4m?) /(42.6 m) = 1.63 x 10780. m, 
and 
pp =1rpA/L = (35.0x10~°Q)(91.0 x 10~4m?) /(42.6 m) = 7.48x 10-90 - m. 
(b) The current is i = AV/(r4 + rg) = (630 V)/(111.2 wO) = 5.67x 10°A. The current density 
is then 
j = (5.67 x 10°A) /(91.0x 107*m?) = 6.23 x 108A /m?. 
(c) Ea = paj = (1.63x 10-80 - m) (6.23108 A/m?) = 10.2 V/m and Eg = ppj = (7.48x10-°0.- 
m) (6.23 x 108A /m?) = 4.66 V/m. 
(d) AV4 = EaL = (10.2 V/m)(42.6 m) = 435 V and AVg = EpLl = (4.66 V/m)(42.6 m) = 198 V. 
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P31-6 Set up the problem with the traditional presentation of the Wheatstone bridge problem. 
Then the symmetry of the problem (flip it over on the line between x and y) implies that there is no 
current through r. As such, the problem is equivalent to two identical parallel branches each with 
two identical series resistances. 

Each branch has resistance R + R = 2R, so the overall circuit has resistance 


Ih. hd 
Rea QR IR OR? 


so Reg = R. 
P31-7 
P31-8 (a) The loop through R, is trivial: 4) = €/R, = (5.0V)/(100Q) = 0.05A. The loop 


through Rz is only slightly harder: ig = (€2 + €3 — €,)/R2 = 0.06 A. 
(b) AVay = €3 + Ep = (5.0 V) + (4.0V) = 9.0V. 


P31-9| (a) The three way light-bulb has two filaments (or so we are told in the question). There 
are four ways for these two filaments to be wired: either one alone, both in series, or both in 
parallel. Wiring the filaments in series will have the largest total resistance, and since P = V?/R 
this arrangement would result in the dimmest light. But we are told the light still operates at the 
lowest setting, and if a filament burned out in a series arrangement the light would go out. 

We then conclude that the lowest setting is one filament, the middle setting is another filament, 
and the brightest setting is both filaments in parallel. 

(b) The beauty of parallel settings is that then power is additive (it is also addictive, but that’s 
a different field.) One filament dissipates 100 W at 120 V; the other filament (the one that burns 
out) dissipates 200 W at 120 V, and both together dissipate 300 W at 120 V. 
The resistance of one filament is then 

(AV)? (120 V)? 


P (100 W) 


The resistance of the other filament is 


= (AV)? _ (120 V)? _ 
vp. — oo 


P31-10 We can assume that R “contains” all of the resistance of the resistor, the battery and the 
ammeter, then 


R= (1.50 V)/(1.0 m/A) = 15000. 
For each of the following parts we apply R+ r= AV/2, so 


(a) r = (1.5 V)/(0.1 mA) — (1500Q) = 1.35 x 104Q, 
(b) r = (1.5 V)/(0.5mA) — (15009) = 1.5x 108Q, 
(c) r = (1.5 V)/(0.9 mA) — (1500Q) = 1679. 
(d) R = (1500Q) — (18.5) = 14820 
P31-11 (a) The effective resistance of the parallel branches on the middle and the right is 
ahs 
Ro + Rs 
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The effective resistance of the circuit as seen by the battery is then 


R2Rz 7 Ry Ro + Ri R3+ RoR3 
Ro+ Rz — Ro + R3 : 


Ri t+ 


The current through the battery is 


i=é Ro + Rg 
~~ Ry Ro + Ri R3 + RoR3’ 


The potential difference across R, is then 


Ro+ R3 R 
Rifle Rilke teks 


AV, =€ 


while AV3 = € — AV, or 
RoaR3 


239 
R,Ro+ Ri R3 + RoR3 


AV 


so the current through the ammeter is 


AV3 _ : Ro 
R3;  RiRo+ Ri R3+ RoR3’ 


13 = 


or 
(4Q) 


(29)(49) + 26D + 4MN(ECN 


(b) Changing the locations of the battery and the ammeter is equivalent to swapping R, and 
Rs. But since the expression for the current doesn’t change, then the current is the same. 


is = (5.0V) = 0.45 A. 


P31-12 AV, + AV, = AVgs + AVx; if Va = Vo, then AV, = AVg. Using the first expression, 
ta( Ri + Ro) = in(Rs + Rx), 


using the second, 
igRy = wRo. 


Dividing the first by the second, 
1+ Ro/Ri =14+ Rx/Rs, 


or Rx = Rg(R2/R1). 
P31-13 


P31-14 L, =AQ/Am and AQ/At = P = iAV, so 


1, — HAV _ _(6.2A)(12V) 
° Am/At (21x 10-kg/s) 


= 2.97x 10°J/ke. 


P31-15 P=i?R. W = pAV, where V is volume. p= mg/A and V = Ay, where y is the height 
of the piston. Then P = dW/dt = mgv. Combining all of this, 


2R (0.240 A)2(550Q) 
age = 0.274m/s. 
0 "ng  (11.8ke)(9.8m/s) mye 
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P31-16 (a) Since gq = CV, then 
q = (32x 107 °F) [(6 V) + (4V/s)(0.5s) — (2 V/s”)(0.5s)?] = 2.4x 107~4C. 
(b) Since i = dq/dt = C' dV /dt, then 
i = (32x 107-°F) [(4 V/s) — 2(2 V/s”)(0.5s)] = 6.4x10-°A. 
(c) Since P = iV, 


P = [[(4V/s) — 2(2 V/s?)(0.5s)] [(6 V) + (4V/s)(0.5s) — (2V/s?)(0.5s)?] = 4.8x 10-4W. 


P31-17| (a) We have P = 30P and 7 = 4ig. Then 


pak — 30 _ 30 
~ 2 (4ig)2 16 


We don’t really care what happened with the potential difference, since knowing the change in 
resistance of the wire should give all the information we need. 

The volume of the wire is a constant, even upon drawing the wire out, so LA = [Ap; the 
product of the length and the cross sectional area must be a constant. 

Resistance is given by R = pL/A, but A = Lj Ap/L, so the length of the wire is 


1, | AokoR _  /30 AoLoRo _ 137Lo. 
p 16 p 


(b) We know that A = Lo Ao/L, so 


L As 
= et S078 Ap: 
A 7,40 37 = 0-730 


P31-18 (a) The capacitor charge as a function of time is given by Eq. 31-27, 
q=CE (1 - une) , 
while the current through the circuit (and the resistor) is given by Eq. 31-28, 


= E ent/RC. 


u= feia=e f ay=eq 


but the energy in the capacitor is Uc = qAV/2 = €q/2. 


(b) Integrating, 
€ EE? Eq 
— | 7 —2t/RC 
UR jena Je dt = 55 = : 


The energy supplied by the emf is 
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P31-19| The capacitor charge as a function of time is given by Eq. 31-27, 


q=CE (1 - eid , 
while the current through the circuit (and the resistor) is given by Eq. 31-28, 
E 
© o-t/RC. 


i — 


The energy stored in the capacitor is given by 


so the rate that energy is being stored in the capacitor is 


P _dW_adq_4, 
SMe Gde wer 


The rate of energy dissipation in the resistor is 
Pr =?R, 


so the time at which the rate of energy dissipation in the resistor is equal to the rate of energy 
storage in the capacitor can be found by solving 


Fo. Pai 
ZR = ai 
iRC = 4@, 
ECE EO vee: Cb (pe tiee 
Son ia ee, 
t = RCin2. 
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E32-1| Apply Eq. 32-3, F = qvxB. 

All of the paths which involve left hand turns are positive particles (path 1); those paths which 
involve right hand turns are negative particle (path 2 and path 4); and those paths which don’t turn 
involve neutral particles (path 3). 


E32-2 (a) The greatest magnitude of force is F = quB = (1.6x10~!9C)(7.2x10°m/s) (83x107~3T) = 
9.6x10—-!4N. The least magnitude of force is 0. 

(b) The force on the electron is F = ma; the angle between the velocity and the magnetic field 
is 0, given by ma = qvBsin@. Then 


—31 16 2 
_ aresin (9.1x 10-84kg)(4.9 x 10'6m/s?) +) ssaiee) 


(1.6 x 10-19C)(7.2 x 10°m/s)(83 x 10-3T 
E32-3 (a) v= E/B = (1.5x103V/m)/(0.44T) = 3.4x 103m/s. 


E32-4 (a) v= F/qBsin0 = (6.48x10~!7N/(1.60x10~!9C)(2.63x10~3T) sin(23.0°) = 3.94x10°m/s. 
(b) K = mv?/2 = (938 MeV/c?)(3.94x 10°m/s)?/2 = 809 eV. 


E32-5| The magnetic force on the proton is 


Fp = qvB = (1.6x107! C)(2.8x 10" m/s)(30eex—6 T) = 1.3x 1071°N. 
The gravitational force on the proton is 
mg = (1.7x107°"kg)(9.8 m/s”) = 1.7x1077°N. 


The ratio is then 7.6x10°. If, however, you carry the number of significant digits for the intermediate 
answers farther you will get the answer which is in the back of the book. 


E32-6 The speed of the electron is given by v = \/2qgAV/m, or 


v = \/2(1000 eV)/(5.1 x 10° eV/c?) = 0.063c. 


The electric field between the plates is E = (100 V)/(0.020 m) = 5000 V/m. The required magnetic 
field is then 
B = E/v = (5000 V/m)/(0.063c) = 2.6 x 10~*T. 


E32-7 Both have the same velocity. Then K,,/K,. = mpv?/m.v? = mp/mMe =. 


E32-8 The speed of the ion is given by v = \/2qgAV/m, or 


v = V/2(10.8 keV) /(6.01)(932 MeV/c?) = 1.96 x 107 °c. 
The required electric field is E = vB = (1.96 x 10~%c)(1.22T) = 7.17x 10°V/m. 


E32-9| (a) For a charged particle moving in a circle in a magnetic field we apply Eq. 32-10; 


mv (9.11x10~*'kg)(0.1)(3.00 x 108 m/s) 
—— ——) 
\q\B (1.6 x 10-19 C)(0.50 T) 


= 3.4x107*m. 
(b) The (non-relativistic) kinetic energy of the electron is 


‘ 1 
K= zm = 5 (0-511 MeV) (0.10c)? = 2.6x 10~* MeV. 
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E32-10 (a) v = \/2K/m = \/2(1.22 keV)/(511 keV/c) = 0.0691c. 
(b) B = mv/qr = (9.11 10-3'kg) (0.0691) /(1.60 x 10-!9C) (0.247 m) = 4.78 x 10-4T. 
(c) f = qB/2nm = (1.60107 !9C) (4.78 x 10-4) /2(9.11 x 10-3!kg) = 1.33x 107 Hz. 
(d) T =1/f =1/(1.33x 107 Hz) = 7.48x 10-8s. 


B32-11 (a) v = \/2K/m = v/2(350 eV)/(511 keV/c?) = 0.037c. 
(b) r = mv/qB = (9.11 10-8kg) (0.037) /(1.60 x 10-!9C)(0.20T) = 3.16 x 10-4m. 


E32-12 The frequency is f = (7.00)/(1.29 x 1073s) = 5.43 x 10° Hz. The mass is given by m = 


qB/2rf, or 
(1.60 x 10-!9C)(45.0x 10-3) oe 
2 = 2.11x 107 kg = 127 u. 
um In (5.43 x 10° Hz) nae Lau 


E32-13| (a) Apply Eq. 32-10, but rearrange it as 


» — WlrB _ 2(1.6x 10719 C)(0.045 m)(1.2T) 


= 2.6x 10° m/s. 
m 4.0(1.66 x 10-27ke) ee 


(b) The speed is equal to the circumference divided by the period, so 


Qrr = 2am 274.0(1.66 x 10~?7kg) 


STi 10: 
v |qiB 20.6x 10-™ C)(1.2T) os 


T 


(c) The (non-relativistic) kinetic energy is 


_ lqi?r?B | (2x1.6x 10719 C)?(0.045 m)?(1.2T)? 


= =220<10-"* J; 
2m 2(4.0x 1.66 x 10-27kg)) n 


K 


To change to electron volts we need merely divide this answer by the charge on one electron, so 


(2.24x 10-14J) 


k= 
(d) AV = © = (140 keV) /(2e) = 70V. 


E32-14 (a) R= mv/qB = (938 MeV/c?) (0.100c)/e(1.40 T) = 0.223 m. 
(b) f = qB/2nm = e(1.40T)/27(938 MeV/c?) = 2.13x 10" Hz. 


E32-15 (a) Ka/Kp = (43/Ma)/(p?/mMp) = 27/4 = 1. 
(b) Ka/Kp = (¢a?/ma)/(ap?/mp) = 17/2 = 1/2. 


E32-16 (a) K = qAV. Then K, = eAV, Kg = eAV, and Ky = 2eAV. 
(b) r = sqrt2mK /qB. Then ra/rp = V/(2/1)(1/1)/(1/1) = v2. 
(c) r = sqrt2mK /qB. Then ra/rp = V/(4/1)(2/1)/(2/1) = V2. 


E32-17| r = V2mK/|q|B = (V/m/|q|)(V2K/B). All three particles are traveling with the same 


kinetic energy in the same magnetic field. The relevant factors are in front; we just need to compare 


the mass and charge of each of the three particles. 
(a) The radius of the deuteron path is wee 


(b) The radius of the alpha particle path is var, =fp: 


98 


E32-18 The neutron, being neutral, is unaffected by the magnetic field and moves off in a line 
tangent to the original path. The proton moves at the same original speed as the deuteron and has 
the same charge, but since it has half the mass it moves in a circle with half the radius. 


E32-19 (a) The proton momentum would be pe = gcBR = e(3.0x10°m/s)(41x10~°T) (6.4x10°m) = 


7.9x10* MeV. Since 79000 MeV is much, much greater than 938 MeV the proton is ultra-relativistic. 
Then E ~ pc, and since y = E/mc? we have y = p/mce. Inverting, 


Tl 202 22 
2 =,/1-5=,/1-  ~1- SE x 0.99093. 
e Y P 2p 


E32-20 (a) Classically, R = V/2mK/qB, or 


R= \/2(0.511 MeV/c?) (10.0 MeV)/e(2.20 T) = 4.84 107-?m. 
(b) This would be an ultra-relativistic electron, so K + E & pc, then R = p/qB = K/qBc, or 
R= (10.0 MeV) /e(2.2T)(3.00 x 108m/s) = 1.52x107?m. 
(c) The electron is effectively traveling at the speed of light, so T = 27R/c, or 
T = 2n(1.52x 107~7m) /(3.00 x 10° m/s) = 3.18x 107 1%s. 


This result does depend on the speed! 


E32-21| Use Eq. 32-10, except we rearrange for the mass, 


in a [dlr _ 2(1.60x 1079 C)(4.72m)(1.33 T) 


= 9.43x10-?7k 
v 0.710(3.00 x 108 m/s) a s 


However, if it is moving at this velocity then the “mass” which we have here is not the true mass, 
but a relativistic correction. For a particle moving at 0.710c we have 


1 1 
= = = 1.42 
JVl—v?/e2 — /1 — (0.710)? 


so the true mass of the particle is (9.43 x 107?” kg) /(1.42) = 6.64x10~?’kg. The number of nucleons 
present in this particle is then (6.64 x 107?’kg)/(1.67 x 10-2” kg) = 3.97 = 4. The charge was +2, 
which implies two protons, the other two nucleons would be neutrons, so this must be an alpha 
particle. 


ay 


? 


E32-22 (a) Since 950 GeV is much, much greater than 938 MeV the proton is ultra-relativistic. 


y = E/mc?, so 
v 1 / m?c4 mc4 
=,/1 = 4/1 a1 = 0.9999995. 
c “2 E? 2E? 


(b) Ultra-relativistic motion requires pc ~ E, so 


B = pc/qRc = (950 GeV) /e(750 m) (3.00 x 108m/s) = 4.44T. 
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E32-23 First use 2rf = gB/m. The use K = q?B?R?/2m = mR?(2rf)?/2. The number of 
turns isn = K/2qAV, on average the particle is located at a distance R/\/2 from the center, so the 
distance traveled is x = n27R/V/2 = nV/2rR. Combining, 


V2rRemf? — V2n3(0.53 m)3(2 x 932 x 108 keV/c?)(12 x 10° /s)? 
4 = 


= 240m. 
qAV e(80 kV) on 


E32-24 The particle moves in a circle. x = Rsinwt and y = Rceosut. 


E32-25] We will use Eq. 32-20, Ey = vaB, except we will not take the derivation through to Eq. 
32-21. Instead, we will set the drift velocity equal to the speed of the strip. We will, however, set 
Ey = AV y/w. Then 


Ex A 9x 10~°V) /(0.88x 107? 
B B (1.2x 10-8T) 


v= 


E32-26 (a) v= E/B = (40x 10-°V)/(1.2x 10-2m) /(1.4T) = 2.4x10-3m/s. 
(b) n = (3.2 A)(1.4T)/(1.6x 10-!9C)(9.5 x 10-®m) (40 x LO-6V) = 7.4 108 /m’.; Silver. 


E32-27 Ey = vaB and va = j/ne. Combine and rearrange. 


E32-28 (a) Use the result of the previous exercise and FE, = pj. 
(b) (0.65 T) /(8.49 x 1028 /m?) (1.60 x 10-19) (1.69 x 10-8 - m) = 0.0028. 


E32-29| Since L is perpendicular to B can use 


Fp =iLeB. 
Equating the two forces, 


iLB = mg, 
mg _ (0.0130 kg) (9.81 m/s?) 


_ = 0.467 A. 
LB (0.620m)(0.440T) 


4 — 


Use of an appropriate right hand rule will indicate that the current must be directed to the right 
in order to have a magnetic force directed upward. 


E32-30 F = iLBsin@ = (5.12 x 10°A)(100m)(58 x 10~©T) sin(70°) = 27.9N. The direction is 
horizontally west. 


E32-31| (a) We use Eq. 32-26 again, and since the (horizontal) axle is perpendicular to the 
vertical component of the magnetic field, 


_ F- (10,000N) ' 
BE Conngum.- 


(b) The power lost per ohm of resistance in the rails is given by 
Pfr =? = (3.3x108A)? = 1.1x10'" W. 


(c) If such a train were to be developed the rails would melt well before the train left the station. 
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E32-32. F = idB,soa= F/m=idB/m. Since a is constant, v = at = idBt/m. The direction is 
to the left. 


E32-33 Only the j component of B is of interest. Then F = [dF =if By dz, or 


3.2 
F = (5.0 A)(8x 10-°T/m?) ax” dx = 0.414N. 
1.2 


The direction is —k. 


E32-34 The magnetic force will have two components: one will lift vertically (Fy = F'sina), the 
other push horizontally (F,, = F' cosa). The rod will move when F, > u(W — F,). We are interested 
in the minimum value for F’ as a function of a. This occurs when 


dF d uw _ 
da da\cosat+psina) — 


This happens when p = tana. Then a = arctan(0.58) = 30°, and 


(0.58) (1.15 kg) (9.81 m/s?) _ 
kz cos(30°) + (0.58) sin(30°) oon 


is the minimum force. Then B = (5.66 N)/(53.2 A)(0.95 m) = 0.112 T. 


E32-35| We choose that the field points from the shorter side to the longer side. 
(a) The magnetic field is parallel to the 130 cm side so there is no magnetic force on that side. 
The magnetic force on the 50 cm side has magnitude 


Fp =iLBsin8@, 


where @ is the angle between the 50 cm side and the magnetic field. This angle is larger than 90°, 
but the sine can be found directly from the triangle, 
(120 cm) 


sin@ = (130 cm) 


= 0.923, 


and then the force on the 50 cm side can be found by 


(120 cm) 


Fp = (4.00A)(0.50m)(75.0x 10° T) Fe 


= 0.138N, 


and is directed out of the plane of the triangle. 
The magnetic force on the 120 cm side has magnitude 
Fp =iLBsin8@, 


where @ is the angle between the 1200 cm side and the magnetic field. This angle is larger than 
180°, but the sine can be found directly from the triangle, 


; (—50 cm) 
sin @ = ————~_ = — 0.385 
sm? ~ (G30 em) 
and then the force on the 50 cm side can be found by 
—50 
Fp = (4.00 A)(1.20 m)(75.0x 107% pj ceeen) = —0.138N, 
(130 cm) 


and is directed into the plane of the triangle. 
(b) Look at the three numbers above. 
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E32-36 7 = NiABsin9@, so 
T = (20)(0.1 A)(0.12 m) (0.05 m)(0.5 T) sin(90° — 33°) = 5.0x1073N- m. 


E32-37 The external magnetic field must be in the plane of the clock/wire loop. The clockwise 
current produces a magnetic dipole moment directed into the plane of the clock. 

(a) Since the magnetic field points along the 1 pm line and the torque is perpendicular to both 
the external field and the dipole, then the torque must point along either the 4 pm or the 10 pm line. 
Applying Eq. 32-35, the direction is along the 4 pm line. It will take the minute hand 20 minutes 
to get there. 

(b) r = (6)(2.0 A)(0.15 m)?(0.07 T) = 0.059 N - m. 


P32-1 Since F must be perpendicular to B then B must be along k. The magnitude of v is 
\/(40)? + (35)? km/s = 53.1 km/s; the magnitude of F' is ,/(—4.2)? + (4.8)?fN = 6.38 f{N. Then 


B = F/qu = (6.38 x 107'°N)/(1.6 x 107 19C) (53.1 x 10°m/s) = 0.75 T. 
or B=0.75Tk. 


P32-2 a= (q/m)(E+¥ xB). For the initial velocity given, 
B = (15.0x 10°m/s) (400 x 10-°T)j — (12.0 x 10?m/s) (400 x 10-°T)k. 


Vx 


But since there is no acceleration in the j or k direction this must be offset by the electric field. 
Consequently, two of the electric field components are EF, = —6.00V/m and EF, = 4.80V/m. The 
third component of the electric field is the source of the acceleration, so 


Ey = maz/q = (9.11x1073*kg)(2.00 x 10’2m/s”) /(—1.60 x 10719C) = —11.4V/m. 


P32-3] (a) Consider first the cross product, Vv x B. The electron moves horizontally, there is a 


component of the B which is down, so the cross product results in a vector which points to the left 
of the electron’s path. 

But the force on the electron is given by F = qv x B, and since the electron has a negative charge 
the force on the electron would be directed to the right of the electron’s path. 

(b) The kinetic energy of the electrons is much less than the rest mass energy, so this is non- 
relativistic motion. The speed of the electron is then v = ,/2K//m, and the magnetic force on the 
electron is Fg = qvB, where we are assuming sin@ = 1 because the electron moves horizontally 
through a magnetic field with a vertical component. We can ignore the effect of the magnetic field’s 
horizontal component because the electron is moving parallel to this component. 

The acceleration of the electron because of the magnetic force is then 


— qB qB /2k 
om mV mm’? 


= 6.27x10'4 m/s?. 


- “G60 «105 C) 65:0 10-°T): (20.92% 10-881) 
7 (9.11 x 10-81kg) (9.11 x 10-3!kg) 


(c) The electron travels a horizontal distance of 20.0 cm in a time of 


(20.0 cm) _ (20.0 cm) = 3.08x 107s. 


t= = 
V2K/m 4/2(1.92 x 10-15 J) /(9.11 x 10-31kg) 


In this time the electron is accelerated to the side through a distance of 


1 1 
d= zat = 5 (6.27 x 10'* m/s)(3.08 x 10~° s)? = 2.98 mm. 
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P32-4 (a) d needs to be larger than the turn radius, so R < d; but 2mK/q?B? = R? < d?, or 


B> /2mK/¢d?. 


(b) Out of the page. 


P32-5 Only undeflected ions emerge from the velocity selector, so v = E/B. The ions are then 
deflected by B’ with a radius of curvature of r = mv/qB; combining and rearranging, q/m = 
E/rBB’. 


P32-6 The ions are given a kinetic energy kK = qgAV; they are then deflected with a radius of 
curvature given by R? = 2mK/q?.B?. But x = 2R. Combine all of the above, and m = B’qx?/8AV. 


P32-7/ (a) Start with the equation in Problem 6, and take the square root of both sides to get 


Bq 3 
vee (St) “i 


and then take the derivative of x with respect to m, 


1 dm Bq a 
ceive ee i 
2/m 8AV ; 


and then consider finite differences instead of differential quantities, 


mBq 3 
Am = ( ae Ax, 


(b) Invert the above expression, 


al 
2AV \? 
Ax = | —-] A 
v= (255) am, 
and then put in the given values, 


1 


7 2(7.33 x 103V) 2 “at 
ae See eon Te) 


= 8.02 mm. 


Note that we used 35.0 u for the mass; if we had used 37.0 u the result would have been closer to 
the answer in the back of the book. 


P32-8 (a) B= \/2AVm/qr? = \/2(0.105 MV)(238)(932 MeV/2) /2e(0.973 my? = 5.23x10-7T. 
(b) The number of atoms in a gram is 6.02 x 10?°/238 = 2.53 x 10?!. The current is then 


(0.090)(2.53 x 107!)(2)(1.6 x 10~!°C) /(3600s) = 20.2 mA. 
P32-9 (a) —¢. 
(b) Regardless of speed, the orbital period is T = 21m/qB. But they collide halfway around a 


complete orbit, so t = mm/qB. 


P32-10 
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P32-11] (a) The period of motion can be found from the reciprocal of Eq. 32-12, 


2am 2n(9.11x10~3!kg) 


T — — 
lqiB (1.60 x 10-19) (455 x 10-T) 


= 7.86 x 1078s. 


(b) We need to find the velocity of the electron from the kinetic energy, 


v = 2K /m = \/2(22.5 eV)(1.60x 10-19 J/eV)/(9.11 x 10-31kg) = 2.81 x 10° m/s. 


The velocity can written in terms of components which are parallel and perpendicular to the magnetic 
field. Then 
Uy = vcos@ and v, = vsin#. 


The pitch is the parallel distance traveled by the electron in one revolution, so 
p =v T = (2.81 x 10°m/s) cos(65.5°) (7.86 x 107 *s) = 9.16 cm. 


(c) The radius of the helical path is given by Eq. 32-10, except that we use the perpendicular 
velocity component, so 


mv, — (9.11 10784kg) (2.81 x 10°m/s) sin(65.5°) 


R = = 
|qiB (1.60 x 10-19) (455 x 10-6T) 


= 3.20 cm 


P32-12 F=i ile dl x B. dl has two components, those parallel to the path, say dx and those 
perpendicular, say dy. Then the integral can be written as 


b b 
B= / azx B+ [ dy x B. 


a 


But B is constant, and can be removed from the integral. ik dx = I, a vector that points from a to 
b. the dy = 0, because there is no net motion perpendicular to L. 


P32-13 quyB = F, = mdv,/dt; —qu;B = Fy = mdv,/dt. Taking the time derivative of the 
second expression and inserting into the first we get 


m\ dv 
B= — Y 
Wy ne ( | dt?’ 


which has solution vy = —vsin(mt/qB), where v is a constant. Using the second equation we find 
that there is a similar solution for vz, except that it is out of phase, and so vz, = vcos(mt/qB). 
Integrating, 


m 


B 
“= [vst = v | cos(mt/aB) - ad” sin(mt/qB). 
Similarly, 
. qBu 
y= | v dt = —v | sin(mt/qB) = a cos(mt/qB). 


This is the equation of a circle. 

P32-14 dL = idx + jdy + kdz. B is uniform, so that the integral can be written as 
B =i fide + jdy + kee) xB sal Bf de +x Bf dy + ikx Bf dz, 

but since ¢ dx = $ dy = ¢ dz = 0, the entire expression vanishes. 
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P32-15 The current pulse provides an impulse which is equal to 


[ras [ sina= ee [ia = Bro 


This gives an initial velocity of v9 = BLq/m, which will cause the rod to hop to a height of 
h = vo /2g = BL? /2m?9. 


Solving for q, 


vs (0.013 ke) 
7 BLY 9" ~ (0.127)(0.20m) V2(9.8 m/s?)(3.1m) 


P32-16 


P32-17| The torque on a current carrying loop depends on the orientation of the loop; the 
maximum torque occurs when the plane of the loop is parallel to the magnetic field. In this case the 
magnitude of the torque is from Eq. 32-34 with sin? = 1— 


7 = NiAB. 


The area of a circular loop is A = rr? where r is the radius, but since the circumference is C' = 2rr, 
we can write 
C2 
An’ 
The circumference is not the length of the wire, because there may be more than one turn. Instead, 
C = L/N, where N is the number of turns. 
Finally, we can write the torque as 


L? iL?B 
PSG ena aN 


which is a maximum when JN is a minimum, or N = 1. 


P32- 18 dF = idk x B: the direction of dF will be upward and somewhat toward the center. L 
and B are a right angles, but only the upward component of dF will survive the integration as the 
central components will cancel out by symmetry. Hence 


F=iB sind [ a = 2rriB sin 6. 


P32-19 The torque on the cylinder from gravity is 
Ts = mgr sin 6, 
where r is the radius of the cylinder. The torque from magnetism needs to balance this, so 


mgr sind = NiABsind = Ni2rLBsind, 


mg (0.262 kg)(9.8 m/s”) 
s— — = 1.63 A. 
INLB  2(13)(0.127m)(0.477T) 
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E33-1| (a) The magnetic field from a moving charge is given by Eq. 33-5. If the protons are 
moving side by side then the angle is ¢ = 7/2, so 


pai 
An r? 
and we are interested is a distance r = d. The electric field at that distance is 
1 q 
= ATE 2? 


where in both of the above expressions gq is the charge of the source proton. 
On the receiving end is the other proton, and the force on that proton is given by 


F = q(E+v xB). 
The velocity is the same as that of the first proton (otherwise they wouldn’t be moving side by side.) 


This velocity is then perpendicular to the magnetic field, and the resulting direction for the cross 
product will be opposite to the direction of E. Then for balance, 


E = vB, 
lo q _ Mo qu 
ce) 2? gi =, 
Atreg r2 Ar r? 
1 
= v’, 
€o Ho 


We can solve this easily enough, and we find v ~ 3 x 10° m/s. 
(b) This is clearly a relativistic speed! 


E33-2 B = puoi/2ad = (4m x 10~-°T - m/A)(120 A)/27(6.3m) = 3.8x10~-°T. This will deflect the 
compass needle by as much as one degree. However, there is unlikely to be a place on the Earth’s 
surface where the magnetic field is 210 wT. This was likely a typo, and should probably have been 
21.0 wT. The deflection would then be some ten degrees, and that 7s significant. 


E33-3 B= juoi/2nd = (4nx 10-7 - m/A)(50 A) /20 (1.3 10-3 m) = 37.7x 10737. 


E33-4 (a) i = 2mdB/t = 2n(8.13x 10-2m) (39.0x 10-8T) /(4r x 10-7T - m/A) = 15.9 A. 
(b) Due East. 


E33-5| Use 


— pot — (4x 10~™N/A?)(1.6 x 107'° C)(5.6 x 10! s~*) 
ond 27(0.0015 m) 


= 1.2x1075T. 


E33-6 Zero, by symmetry. Any contributions from the top wire are exactly canceled by contribu- 
tions from the bottom wire. 


E33-7 B= poi/2nd = (4m x10~"T - m/A)(48.8 A)/20(5.2 x 107? m) = 1.88 1074T. 

F= qv x B. All cases are either parallel or perpendicular, so either F = 0 or F = quB. 

(a) F = qvB = (1.60 x 107 19C) (1.08 x 10’m/s) (1.88 x 10-4T) = 3.24 107-!®N. The direction of 
F is parallel to the current. 

(b) F = qvB = (1.60 x 107!9C) (1.08 x 10’m/s)(1.88 x 10-4T) = 3.24x107-1°N. The direction of 
F is radially outward from the current. 

(c) F=0. 


106 


E33-8 We want B, = Bo, but with opposite directions. Then i; /d; = i2/d2, since all constants 
cancel out. Then ig = (6.6 A)(1.5 cm)/(2.25 cm) = 4.4A, directed out of the page. 


E33-9| For a single long straight wire, B = pupi/2md but we need a factor of “2” since there are 
two wires, then i = tdB/uo. Finally 
mdB  1(0.0405 m)(296, pT) 


aa dg ONAD 


E33-10 (a) The semi-circle part contributes half of Eq. 33-21, or uoi/4R. Each long straight wire 
contributes half of Eq. 33-13, or ~woi/47R. Add the three contributions and get 


‘: —7 2 
p, — tot (21) _ rx tOTTN/AV(11.5A) (2) yaya. 
4R \n 4(5.20 x 10-8m) 7 


The direction is out of the page. 
(b) Each long straight wire contributes Eq. 33-13, or uoi/27R. Add the two contributions and 
get 
tigi (40x 10-7N/A2)(11.5 A) = 
Bao= = = 8. 10-°T. 
7R (5.20 10-3m) a 


The direction is out of the page. 


E33-11  z° = poiR?/2B = (41x 10-7N/A?)(320) (4.20 A)(2.40 x 10-?m)?/2(5.0x 10-®T) = 9.73 x 
10-2m?. Then z = 0.46 m. 


E33-12 The circular part contributes a fraction of Eq. 33-21, or uoi#/4aR. Each long straight 
wire contributes half of Eq. 33-13, or woi/47R. Add the three contributions and get 


Ba Te 9): 
4nrR 


The goal is to get B = 0 that will happen if 0 = 2 radians. 


E33-13] There are four current segments that could contribute to the magnetic field. The straight 
segments, however, contribute nothing because the straight segments carry currents either directly 
toward or directly away from the point P. 

That leaves the two rounded segments. Each contribution to B can be found by starting with 
Eq. 33-21, or p19i0/47b. The direction is out of the page. 

There is also a contribution from the top arc; the calculations are almost identical except that 
this is pointing into the page and r = a, so poi8/4za. The net magnetic field at P is then 


B=B By = —~——). 
Lae ee An € =) 


E33-14 For each straight wire segment use Eq. 33-12. When the length of wire is L, the distance 
to the center is W/2; when the length of wire is W the distance to the center is L/2. There are four 
terms, but they are equal in pairs, so 


Loi 4L 4W 
B= + 
4n \W/L?/44+W2/4 9 L,/L?/44+ W?/4 
_ 2poi TL? W?\ pot VL? + W? 
~~ m/T2+W2\WL' WL) WL ° 
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E33-15] We imagine the ribbon conductor to be a collection of thin wires, each of thickness dx 
and carrying a current di. di and dz are related by di/dx = i/w. The contribution of one of these 
thin wires to the magnetic field at P is dB = up di/27x, where z is the distance from this thin wire 
to the point P. We want to change variables to x and integrate, so 


p= fap- [2% = Lot [ 
2TWHL 2rw x 
The limits of integration are from d to d+ w, so 

fp aay pee 

27w d 

E33-16 ‘The fields from each wire are perpendicular at P. Each contributes an amount B= 
oi/2rd, but since they are perpendicular there is a net field of magnitude B = V2B”? = V/2poi/2nd. 
Note that a = V2d, so B = poi/ra. 


(a) B= (4rx10-7T - m/A)(115 A)/7(0.122m) = 3.77x107-4T. The direction is to the left. 
(b) Same numerical result, except the direction is up. 


E33-17 Follow along with Sample Problem 33-4. 
Reversing the direction of the second wire (so that now both currents are directed out of the 
page) will also reverse the direction of By. Then 


Lot 1 1 
B= B Bo = 
- : Qn ee =): 
pot ((b— 2) — (042) 
Or b? — x? : 


E33-18 (b) By symmetry, only the horizontal component of B survives, and must point to the 
right. 
(a) The horizontal component of the field contributed by the top wire is given by 


Hot. Hoi b/2 [tb 
B = — S§ f] — — 
Oth” anh bh som(4R2 482)’ 


since h is the hypotenuse, or h = ,/R? + b?/4. But there are two such components, one from the 
top wire, and an identical component from the bottom wire. 


E33-19| (a) We can use Eq. 33-21 to find the magnetic field strength at the center of the large 
loop, 


B= ot (4x 10~'T - m/A)(13 A) 


= = =6:8 310° 2: 
IR 2(0.12m) oe 
(b) The torque on the smaller loop in the center is given by Eq. 32-34, 
7 = NiA x B, 


but since the magnetic field from the large loop is perpendicular to the plane of the large loop, and 
the plane of the small loop is also perpendicular to the plane of the large loop, the magnetic field is 
in the plane of the small loop. This means that |A x B| = AB. Consequently, the magnitude of the 
torque on the small loop is 


7 = NiAB = (50)(1.3 A)(7)(8.2 x 1073m)?(6.8 x 10-°T) = 9.3 1077N- m. 
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E33-20 (a) There are two contributions to the field. One is from the circular loop, and is given 
by uot/2R. The other is from the long straight wire, and is given by fuoi/27R. The two fields are 
out of the page and parallel, so 
Hot 
B= 141 
fo (+ 1/2). 
(b) The two components are now at right angles, so 


B= po i+ L/n. 
The direction is given by tan@ = 1/z or 6 = 18°. 


E33-21 The force per meter for any pair of parallel currents is given by Eq. 33-25, F/L = pugi?/27d, 
where d is the separation. The direction of the force is along the line connecting the intersection of 
the currents with the perpendicular plane. Each current experiences three forces; two are at right 
angles and equal in magnitude, so |Fy2 + Fya|/L = \/F%, + F2,/L = use one: The third force 
points parallel to this sum, but d= \/a, so the resultant force is 


F  V2uot? ot? 4m x x10~7N/A?(18.7 A)? e 
= a 24+1/V2)=6. 1 N/m. 
i Sora davon 2n(0.245 m) (V2 L/N2) = B08 10 Nit 


It is directed toward the center of the square. 
E33-22 By symmetry we expect the middle wire to have a net force of zero; the two on the outside 


will each be attracted toward the center, but the answers will be symmetrically distributed. 
For the wire which is the farthest left, 


F pot? (1 1 1 1 An x x10~7N/A?(3.22 A)? 1 1 1 8 
= = 1 | = 5.21x10-°N/m. 
Lon (; +35 * 3a x) 27(0.083 m) le a = 
For the second wire over, the contributions from the two adjacent wires should cancel. This 
leaves 


F poi2 (1 1 An x X10-7N/A2(3.22 A)? (1 1 
— — + 
L 27 2 


= = 2.08x107°N/m. 
Da | 3a 27(0.083 m) 5) s = 


E33-23| (a) The force on the projectile is given by the integral of 


dF =idlxB 


over the length of the projectile (which is w). The magnetic field strength can be found from adding 
together the contributions from each rail. If the rails are circular and the distance between them is 
small compared to the length of the wire we can use Eq. 33-13, 


_ Bot 
Qra’ 


where x is the distance from the center of the rail. There is one problem, however, because these 
are not wires of infinite length. Since the current stops traveling along the rail when it reaches the 
projectile we have a rod that is only half of an infinite rod, so we need to multiply by a factor of 
1/2. But there are two rails, and each will contribute to the field, so the net magnetic field strength 
between the rails is ; ; 
Hot Mot 
we ee An (2r + w— 2) 
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In that last term we have an expression that is a measure of the distance from the center of the 
lower rail in terms of the distance x from the center of the upper rail. 
The magnitude of the force on the projectile is then 


r+w 
if Bdz, 
-2 r+w 
Lot 1 1 
— —- = om ——— d. 
An J, G+) ad, 


~ Hot 51, (=*) 
- 


At 


l| 


F 


The current through the projectile is down the page; the magnetic field through the projectile is 
into the page; so the force on the projectile, according to F = il x B, is to the right. 
(b) Numerically the magnitude of the force on the rail is 


p — (450 108A)?(4mx 10-7N/A?) | (corm) + (0.012 m) 


= 6.65x 10°N 
On (0.067 m) ) a 


The speed of the rail can be found from either energy conservation so we first find the work done 
on the projectile, 
W = Fd = (6.65x 10° N)(4.0m) = 2.66104 J. 


This work results in a change in the kinetic energy, so the final speed is 


v = 2K /m = \/2(2.66 x 104 J)/(0.010kg) = 2.31 x 10° m/s. 


E33-24 The contributions from the left end and the right end of the square cancel out. This leaves 
the top and the bottom. The net force is the difference, or 


F 


(4m x 10-7N/A?)(28.6 A) (21.8 A) (0.323 m) 1 1 
Qn (1.10x10-2m)  (10.3010-2m) / ’ 
3.27x1073N. 


I 


E33-25 The magnetic force on the upper wire near the point d is 


LotatyL LotatyL LotatyL 
Fp = ~ Hin 
2n(d+ x) 2nd 2nd? 


where z is the distance from the equilibrium point d. The equilibrium magnetic force is equal to the 
force of gravity mg, so near the equilibrium point we can write 


x 
Fzp= mg —mg-. 


There is then a restoring force against small perturbations of magnitude mga/d which corresponds 
to a spring constant of k = mg/d. This would give a frequency of oscillation of 


1 1 
f=5-Vvk/m= 5-v9/d, 
which is identical to the pendulum. 


E33-26 B= (41x 10-7N/A2)(3.58.A)(1230) /(0.956m) = 5.79x 10-37. 
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E33-27| The magnetic field inside an ideal solenoid is given by Eq. 33-28 B = pigin, where n is 
the turns per unit length. Solving for n, 


B (0.0224 T) mand 
vg Glo NAD CTSA) 


The solenoid has a length of 1.33 m, so the total number of turns is 
N = nL = (1.00x 10° /m~')(1.33 m) = 1330, 


and since each turn has a length of one circumference, then the total length of the wire which makes 
up the solenoid is (1330)7(0.026 m) = 109m. 


E33-28 From the solenoid we have 
Bs = Uonis = Uo(11500/m) (1.94 mA) = pp (22.3A/m). 


From the wire we have ; 
— How _ Ho (6.3 A) 
2rr 2rr 


These fields are at right angles, so we are interested in when tan(40°) = By,/Bs, or 


= (1.002. 4)° 


7 (1.002 A) 
" tan(40°) (22.3 A/m) 


= 5.35x1072m. 


E33-29 Let u= z—d. Then 


et poniR? fe du 
7 2 anys Re ae ee’ 


d+L/2 


poniR? 
2 VR weeny’ 


[ont ay By d= 172 
2 \./R?+(d+L/2)? fR?+(d—L/2)? } 


If ZL is much, much greater than R and d then |L/2+d| >> R, and R can be ignored in the 
denominator of the above expressions, which then simplify to 


ae Moni d+ L/2 d— L/2 
2 J/R2+(d+L/2)2 R24 (d—L/2)? 


_ poni ( d+L/2 d—L/2 
2 Na+ L2) V(d—L/2)?) 


= poi. 
It is important that we consider the relative size of L/2 and d! 
E33-30 The net current in the loop is lig + 3i9 + Tig — Gig = Sip. Then ¢ B- dS = 5pioio. 
E33-31 (a) The path is clockwise, so a positive current is into page. The net current is 2.0 A out, 


so § B-ds= —poto = —2.5x 10-°T - m. 
(b) The net current is zero, so ¢ B-ds=0. 
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E33-32 Let Ro be the radius of the wire. On the surface of the wire Bo = uoi/27Ro. 
Outside the wire we have B = poi/27R, this is half By when R = 2Ro. 
Inside the wire we have B = pipiR/27R3, this is half Bo when R = Ro/2. 


E33-33| (a) We don’t want to reinvent the wheel. The answer is found from Eq. 33-34, except it 
looks like 


oir 
Onc?” 


(b) In the region between the wires the magnetic field looks like Eq. 33-13, 


— Hot 
Qar- 


This is derived on the right hand side of page 761. 

(c) Ampere’s law (Eq. 33-29) is $ B - dS = poi, where i is the current enclosed. Our Amperian 
loop will still be a circle centered on the axis of the problem, so the left hand side of the above 
equation will reduce to 2arB, just like in Eq. 33-32. The right hand side, however, depends on 
the net current enclosed which is the current 7 in the center wire minus the fraction of the current 
enclosed in the outer conductor. The cross sectional area of the outer conductor is 7(a? — b?), so 
the fraction of the outer current enclosed in the Amperian loop is 


a(r?—b?) or? — 8? 
a =i . 
m(a? — b?) a? — b? 
The net current in the loop is then 
peieape Races 
Ute ape ge =a 
so the magnetic field in this region is 
= Lot a? —r? 


~ Orr a2 — 2° 


(d) This part is easy since the net current is zero; consequently B = 0. 


E33-34 (a) Ampere’s law (Eq. 33-29) is ¢B - dS = jiot, where 7 is the current enclosed. Our 
Amperian loop will still be a circle centered on the axis of the problem, so the left hand side of the 
above equation will reduce to 27rB, just like in Eq. 33-32. The right hand side, however, depends 
on the net current enclosed which is the fraction of the current enclosed in the conductor. The cross 
sectional area of the conductor is 7(a? — b?), so the fraction of the current enclosed in the Amperian 
loop is 


ar? —b*) or? 8? 
a =i : 
m(a? — b?) a? — b? 
The magnetic field in this region is 
Loi vr? — b? 


~ Inr a2 — b2° 
(b) If r =a, then 
foi a*— 0? poi 


~ naa? —b2 2na’ 


which is what we expect. 
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If r = 6, then 
pe Lot b2 _ b2 ay. 
27b a? — b? 
which is what we expect. 
If b = 0, then 
Lot 7? — 0? Lotr 


~ Onraz—O02 2a? 


B 


which is what I expected. 


E33-35 The magnitude of the magnetic field due to the cylinder will be zero at the center of 
the cylinder and pigio/27(2R) at point P. The magnitude of the magnetic field field due to the 
wire will be poi/27(3R) at the center of the cylinder but ji9i/27R at P. In order for the net 
field to have different directions in the two locations the currents in the wire and pipe must be in 
different direction. The net field at the center of the pipe is pi9i/27(3R), while that at P is then 
Loto /27(2R) — upi/27R. Set these equal and solve for 4; 


i/3 = io/2 i, 


E33-36 (a) B = (47x 10~7N/A?)(0.813 A)(535) /27(0.162 m) = 5.37x 10-4T. 
(b) B = (4m x 10~"N/A?) (0.813 A) (535) /27(0.162m + 0.052 m) = 4.07x 1074T. 


E33-37| (a) A positive particle would experience a magnetic force directed to the right for a 
magnetic field out of the page. This particle is going the other way, so it must be negative. 
(b) The magnetic field of a toroid is given by Eq. 33-36, 


Hot 
a Qrr 
while the radius of curvature of a charged particle in a magnetic field is given by Eq. 32-10 
mv 
|B 


We use the R to distinguish it from r. Combining, 


27mv 
—* z r, 
pot N |q| 


so the two radii are directly proportional. This means 
R/(11 cm) = (110 cm)/(125 cm), 
so R= 9.7 cm. 


P33-1| The field from one coil is given by Eq. 33-19 


= oi R? 

= 2(R2 + 22)3/2° 
There are N turns in the coil, so we need a factor of NV. There are two coils and we are interested 
in the magnetic field at P, a distance R/2 from each coil. The magnetic field strength will be twice 
the above expression but with z = R/2, so 

2QuoNiR? Spo Ni 


° > 2+ (RPP EF ~ GPR 


113 


P33-2 (a) Change the limits of integration that lead to Eq. 33-12: 


BK Hold ie dz 
An Jo (22 + d?2)8/2’ 
_ poid Zz 2 
Am (22 4+ d?)1/2 q. 
Am (L? + d2)1/2" 


(b) The angle ¢ in Eq. 33-11 would always be 0, so sin ¢ = 0, and therefore B = 0. 


P33-3| This problem is the all important derivation of the Helmholtz coil properties. 
(a) The magnetic field from one coil is 


po NiR? 
By = 75: 
2(R2 + 22)3/2 
The magnetic field from the other coil, located a distance s away, but for points measured from the 
first coil, is 
-_ po NiR? 
~ 2(R2 + (z — s)2)3/2° 


The magnetic field on the axis between the coils is the sum, 


Bo 


on po NiR? 
_ 2(R? 4 22)3/2 


po NiR? 
2(R? + (z — s)2)3/2° 


Take the derivative with respect to z and get 


dB 30 NiR? 3po NiR? 


dz 2(R? + 22)5/2* 2(R2 + (z — s)?)5/2 


(z— 8). 


At z = s/2 this expression vanishes! We expect this by symmetry, because the magnetic field will 
be strongest in the plane of either coil, so the mid-point should be a local minimum. 
(b) Take the derivative again and 


ae: .. 30 NiR? 15uoNiR? 
dz2 a 2(R? le 22)5/2 + 2(R? + z2ye/2* 
30 NiR? 159 NiR? ‘ 
2(R2 mies ic = s)2)5/2 ; 2( R? ae (z _ s)2)5/2 (z s) : 


We could try and simplify this, but we don’t really want to; we instead want to set it equal to zero, 
then let z = s/2, and then solve for s. The second derivative will equal zero when 


—3(R? + 27) + 152? — 3(R? + (z — s)*) + 15(z — s)? =0, 


and is z = s/2 this expression will simplify to 


30(s/2)? = 6(R? + (s/2)?), 
A(s/2)? = R?, 
s = R. 
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P33-4 (a) Each of the side of the square is a straight wire segment of length a which contributes 


a field strength of 
_ oi 


— Anr Ja? /4+ 12’ 


where r is the distance to the point on the axis of the loop, so 
r= VJfa?/4+ 22. 


This field is not parallel to the z axis; the z component is B, = B(a/2)/r. There are four of these 
contributions. The off axis components cancel. Consequently, the field for the square is 


B- 4 Hot a a/2 
dar Ja2/4+r2 7 ; 
_ Hot a? 
Qnr? ./a2/4 + 2’ 


J Hot a 
~ Bae /442) Sar/ae 2” 
Apiot a? 


wa? + 42?) /2q2 +422 
(b) When z = 0 this reduces to 
— Aptot a’ — Aftot 


— ma?) /2q2 27a 


P33-5 (a) The polygon has n sides. A perpendicular bisector of each side can be drawn to the 
center and has length x where x/a = cos(m/n). Each side has a length L = 2asin(z/n). Each of the 
side of the polygon is a straight wire segment which contributes a field strength of 


_ Hot L 
Anxr JL? /44 a2’ 


This field 7s parallel to the z axis. There are n of these contributions. The off axis components 
cancel. Consequently, the field for the polygon 


B= qe iz 
Ana \/T?/4+ a2" 
Hot 2 
= n————— tan(7/n), 
G eee 
1 1 
= no" = tan(m/n), 
27 a 


since (L/2)? + 2? = a?. 
(b) Evaluate: 
lim ntan(z/n) = lim nsin(a/n) © na/n = 7. 


Then the answer to part (a) simplifies to 


_ Hot 
2a” 
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P33-6 For a square loop of wire we have four finite length segments each contributing a term 
which looks like Eq. 33-12, except that L is replaced by L/4 and d is replaced by L/8. Then at the 
center, 

4nL/8 \/L?/64+4+ 17/64 V2nL 


For a circular loop R = L/27 so 


p = Hol _ To 


BR Th 
Since 16/./27 > 7, the square wins. But only by some 7%! 


P33-7| We want to use the differential expression in Eq. 33-11, except that the limits of integra- 
tion are going to be different. We have four wire segments. From the top segment, 


; 3L/4 
Bic cei Ol a oe = 
Ar Vz2 + d2 pe 
_ boi 3L/4 =fj4 
4nd \ ./(3L/42+@ /(-L/4?+a@)- 


For the top segment d = L/4, so this simplifies even further to 
Lot 
B= ( \s 
ae V2(3V5 +5) 
The bottom segment has the same integral, but d = 3L/4, so 
Hot 
Bs = (v2 . 
3= 35-7 (Va(v5 +5) 


By symmetry, the contribution from the right hand side is the same as the bottom, so By = Bs, 
and the contribution from the left hand side is the same as that from the top, so By = B,. Adding 
all four terms, 


B = a (sv2(av5 +5) + V2(v5 + 5)) 


= pot 
= ar (2V2 + V'10). 


P33-8 Assume a current ring has a radius r and a width dr, the charge on the ring is dg = 2ao0r dr, 
where ¢ = q/7R?. The current in the ring is di = wdq/2a = wordr. The ring contributes a field 
dB = 9 di/2r. Integrate over all the rings: 


R 
B= | powor dr/2r = powR/2 = pwq/2rR. 
0 


P33-9 B= uoin and mv = qBr. Combine, and 


mv (5.11 x 10°eV /c?) (0.046 c) 
te. = = 0.271 A. 
pogrn = (42 X 10-7 N/A?) e(0.023 m)(10000/m) 


P33-10 This shape is a triangle with area A = (4d)(3d)/2 = 6d?. The enclosed current is then 
i = jA= (15 A/m?)6(0.23 m)? = 4.76 A 


The line integral is then 
uot = 6.0X10-°T - m. 
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P33-11 Assume that B does _vary as the picture implies. Then the line integral along the path 
shown must be nonzero, since B -1 on the right is not zero, while it is along the three other sides. 
Hence ¢ B- dl is non zero, implying some current passes through the dotted path. But it doesn’t, 
so B cannot have an abrupt change. 


P33-12 (a) Sketch an Amperian loop which is a rectangle which enclosed N wires, has a vertical 
sides with height h, and horizontal sides with length L. Then ¢ B-dl= Lio.Ni. Evaluate the integral 
along the four sides. The vertical side contribute nothing, since B is perpendicular to h, and then 
B-h = 0. If the integral is performed in a counterclockwise direction (it must, since the sense 
of integration was determined by assuming the current is positive), we get BL for each horizontal 


section. Then 
BotN 1 


op. tees 
(b) As a > oo then tan~!(a/2R) > 7/2. Then B = ppi/2a. If we assume that i is made up of 
several wires, each with current io, then i/a = ign. 


B= 


P33-13| Apply Ampere’s law with an Amperian loop that is a circle centered on the center of 
the wire. Then 
fBas= f Bds=B f ds=20rB, 
because B is tangent to the path and B is uniform along the path by symmetry. The current 
enclosed is 
iene = f $A. 


This integral is best done in polar coordinates, so dA = (dr)(r d@), and then 


r 20 
tence = | (jor/a) rdr dé, 
0 40 


2njo/a f r?dr, 
0 


oni 
750 3 
3a 


I 


When r = a the current enclosed is 7, so 


Qn joa? oe 30 
= — or jo = =>. 
3 0 Sra? 


The magnetic field strength inside the wire is found by gluing together the two parts of Ampere’s 
law, 


27Jo0 3 
3a’ 
Lojor? 
38a” 
[gir? 
Qa” 


27rB = Uo 
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P33-14 (a) According to Eq. 33-34, the magnetic field inside the wire without a hole has magnitude 
B = poir/27R? = pojr/2 and is directed radially. If we superimpose a second current to create the 
hole, the additional field at the center of the hole is zero, so B = uojb/2. But the current in the 
remaining wire is 

i= jA= jn(R’ — a’), 


so 
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E34-1 ®,3 =B- A = (42x 10~®T)(2.5 m2) cos(57°) = 5.7x 10->Wb. 


E34-2 |€| = |d@,/dt| = AdB/dt = (m/4)(0.112m)?(0.157T/s) = 1.55 mV. 


E34-3]| (a) The magnitude of the emf induced in a loop is given by Eq. 34-4, 
d®p 
dt 
= N|(12mWb/s*)t + (7mWb/s)| 


el 


¥ 


There is only one loop, and we want to evaluate this expression for t = 2.0, so 
|€| = (1) |(12mWb/s”)(2.0s) + (7mWb/s)| = 31mV. 


(b) This part isn’t harder. The magnetic flux through the loop is increasing when t = 2.0s. The 
induced current needs to flow in such a direction to create a second magnetic field to oppose this 
increase. The original magnetic field is out of the page and we oppose the increase by pointing the 
other way, so the second field will point into the page (inside the loop). 

By the right hand rule this means the induced current is clockwise through the loop, or to the 
left through the resistor. 


E34-4  € = —d®;/dt = —AdB/dt. 
(a) € = —n(0.16 m)?(0.5T)/(2s) = —2.0x 1072V. 
(b) € = —1(0.16m)2(0.0T) /(2s) = 0.0x 10-2V. 
(c) € = —x(0.16 m)?(—0.5T) /(48) = 1.0x10-2V. 
E34-5 (a) R= pL/A = (1.69x10-8Q- m)|() (0.104 m)]/[(7/4)(2.50 x 10-3m)?] = 1.12 x 10-39. 
(b) € =iR = (9.66 A)(1.12x10~3Q) = 1.08x 10~2V. The required dB/dt is then given by 
dB 
eo “ = (1.08 x 107? V) /(m/4) (0.104 m)? = 1.27 T/s. 
E34-6 € =—AAB/At= AB/At. The power is P = i€ = €?/R. The energy dissipated is 
EAE ACB 
R RAt © 


E=PAt 


E34-7]| (a) We could re-derive the steps in the sample problem, or we could start with the end 
result. We’ll start with the result, 


di 


dt 
except that we have gone ahead and used the derivative instead of the A. 
The rate of change in the current is 
di 


a = (30 A/s) + (1.0A/s*)t, 


E = NApon 


9 


so the induced emf is 
E = (130)(3.46 x 10~4m?)(4m x 107’ Tm/A) (2.2 x 10*/m) ((3.0A/s) + (2.0A/s”)t) , 
(3.73 x 1073 V) + (2.48 x 107? V/s)t. 
(b) When t = 2.0s the induced emf is 8.69 x 10-3 V, so the induced current is 
i = (8.69107? V) /(0.15Q) = 5.8x 1077 A. 
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E34-8 (a) i= €/R = NAdB/dt. Note that A refers to the area enclosed by the outer solenoid 
where B is non-zero. This A is then the cross sectional area of the inner solenoid! Then 
di (120)(m/4)(0.032 m)?(4m x 1077N/A?)(220 x 10?/m) (1.5 A) 


1 
eee | = SAT IO- A, 
Ey eRe Care ae (5.39) Giese ee 


E34-9 P= €i = €7/R = (AdB/dt)?/(pL/a), where A is the area of the loop and a is the cross 
sectional area of the wire. But a = md?/4 and A = L?/47, so 


Ld? (dB\* _ (0.525m)3(1.1x 107m)? 
= ( ) — (0.525 m)"(1.1<107"m)" (9 99x 10-2T/s)? = 4.97 10-°W. 


~ 64rp \ dt 647(1.69 x 10-80 - m) 

E34-10 ©, = BA= B(2.3m)?/2. Eg = —d®g/dt = —AdB/dt, or 
2.3m)? 

Ep = - C30) _ Csr /s)] =2.30V, 


so € = (2.0V) + (2.3V) =4.3V. 


E34-11| (a) The induced emf, as a function of time, is given by Eq. 34-5, E(t) = —d®p(t)/dt 
This emf drives a current through the loop which obeys €(t) = i(t)R Combining, 


1 d®p(t) 


ae ae 


Since the current is defined by 1 = dq/dt we can write 


dgq(t) 1 d®z(t) 


dt Rat 


Factor out the dt from both sides, and then integrate: 


q(t) = — 74st) 


faut) = - f Zara, 


ut) 40) = 7 (®a(0) - Pn(0)) 


(b) No. The induced current could have increased from zero to some positive value, then decreased 
to zero and became negative, so that the net charge to flow through the resistor was zero. This 
would be like sloshing the charge back and forth through the loop. 


E34-12 APhig = 2®pg = 2NBA. Then the charge to flow through is 


q = 2(125) (1.57 T)(12.2 x 107 4m?) /(13.3Q) = 3.60 10~7C. 


E34-13 The part above the long straight wire (a distance b— a above it) cancels out contributions 
below the wire (a distance b — a beneath it). The flux through the loop is then 


“ j ib 
®p= | Bot bdr = at In s ; 
2a—b 2AT 20 2a—b 
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The emf in the loop is then 


d®p pod 


In (5% ;) [2(4.5.A/s2)t — (10 A/s)]. 


Evaluating, 


_ 40x 1077N/A?(0.16 m) 


a 20 


n Cacserucen [2(4.5 A/s)(3.0s)—(10 A/s)] = 2.20x10~7V. 


E34-14 Use Eq. 34-6: € = BDv = (55x 10~®T)(1.10m)(25 m/s) = 1.5x 1073V. 


E34-15 Ifthe angle doesn’t vary then the flux, given by 
o=B-A 
is constant, so there is no emf. 


E34-16 (a) Use Eq. 34-6: € = BDv = (1.18T)(0.108m)(4.86 m/s) = 0.619 V. 
(b) i = (0.619 V) /(0.415Q) = 1.49 A. 
(c) P = (0.619 V)(1.49 A) = 0.922 W. 
(d) F =iLB = (1.49 A)(0.108 m)(1.18T) = 0.190 N. 
(c) P = Fv = (0.190 V)(4.86 m/s) = 0.923 W. 


E34-17| The magnetic field is out of the page, and the current through the rod is down. Then Eq. 
32-26 F = iL x B shows that the direction of the magnetic force is to the right; furthermore, since 
everything is perpendicular to everything else, we can get rid of the vector nature of the problem 
and write F =iLB. Newton’s second law gives F' = ma, and the acceleration of an object from rest 
results in a velocity given by v = at. Combining, 


iLB 
t= t. 
v(t) = = 


E34-18 (b) The rod will accelerate as long as there is a net force on it. This net force comes from 
F=iLB. The current is given by «Rk = € — BLv, so as v increases 7 decreases. When 7 = 0 the rod 
stops accelerating and assumes a terminal velocity. 

(a) € = BLv will give the terminal velocity. In this case, v = €/BL. 


E34-19 


E34-20 The acceleration is a = Rw?; since € = BwR?/2, we can find 


a = 4€7 /B? RP = 4(1.4V)?/(1.2T)?(5.3x 107-*m)? = 3.7x 104m/s”. 


E34-21] We will use the results of Exercise 11 that were worked out above. All we need to do is 
find the initial flux; flipping the coil up-side-down will simply change the sign of the flux. 
So 


23(0) = B- A = (59 wT) (x)(0.13 m)? sin(20°) = 1.1x 107° Wb. 
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Then using the results of Exercise 11 we have 


¢ = F (#20) -en(4), 


= Soa (1-1 x 10-® Wb) ~ (1.1.x 10-8 Wb)), 


= 25x10-°C. 


E34-22 (a) The flux through the loop is 


vt a+L . : 
t L 
b= | a | Gal = PO 
0 a 


2rr 20 a 


The emf is then 
d®p Lotv at+L 


dt 20 a 


Putting in the numbers, 


4x 10 7N/A?)(110A)(4.86 m/s) | (0.0102m) + (0.0983m) 
Qn (0.0102 m) 

(b) i= €/R = (2.53x 10-4V) /(0.415 Q) = 6.10x 10-4A. 

c) P=#R = (6.10x10-4A)?(0.415 Q) = 1.54 10-7W. 


( 
(d) F = f Bidl, or 
a+L ‘ a 
L 
rai | jp ae hy OS . 
7 2ar 2 a 


E= ( = 2.53x1074V. 


Putting in the numbers, 


(4x 10-7N/A?)(110.A) (0.0102) + (0.0983:m) 
Qn y (0.0102 m) 


(ce) P = Fu = (3.17x 10-8N) (4.86 m/s) = 1.54x 10-7W. 


F = (6.10x10~4A) = 3.17x1078N. 


E34-23| (a) Starting from the beginning, Eq. 33-13 gives 


The flux through the loop is given by 


but since the magnetic field from the long straight wire goes through the loop perpendicular to the 
plane of the loop this expression simplifies to a scalar integral. The loop is a rectangular, so use 
dA = dz dy, and let x be parallel to the long straight wire. 


Combining the above, 
D+b a . 
D o \2ry 


(b) The flux through the loop is a function of the distance D from the wire. If the loop moves 
away from the wire at a constant speed v, then the distance D varies as vt. The induced emf is then 


dDp 
or 
Hot b 
Qn “tut +b) 


E — 


The current will be this emf divided by the resistance R. The “back-of-the-book” answer is somewhat 
different; the answer is expressed in terms of D instead if t. The two answers are otherwise identical. 


E34-24 (a) The area of the triangle is A = x? tan@/2. In this case x = vt, so 
zp = B(vt)? tan 0/2, 


and then 
€ = 2Bv*t tan 0/2, 
(b) t = €/2Bv? tan 0/2, so 
(56.8 V) 


fis = 2.085. 
2(0.352T) (5.21 m/s)? tan(55°) ; 


E34-25 € = NBAw, so 


= (24V) 7 | 


That’s 6.3 rev/second. 


E34-26 (a) The frequency of the emf is the same as the frequency of rotation, f. 
(b) The flux changes by BA = Bra? during a half a revolution. This is a sinusoidal change, so 
the amplitude of the sinusoidal variation in the emf is € = ®gw/2. Then € = Bra’ f. 


E34-27|} We can use Eq. 34-10; the emf is € = BAwsinwt, This will be a maximum when 
sinwt = 1. The angular frequency, w is equal to w = (1000)(27)/(60) rad/s = 105 rad/s The 
maximum emf is then 


€ = (3.5T) [(100)(0.5m)(0.3m)] (105 rad/s) = 5.5 kV. 


E34-28 (a) The amplitude of the emf is € = BAw, so 
A = €/2nf B = (150 V) /27(60/s)(0.50 T) = 0.798m?. 
(b) Divide the previous result by 100. A = 79.8 cm?. 


E34-29 d®,/dt = AdB/dt = A(—8.50mT/s). 
(a) For this path 


fi . d§ = —d®p/dt = — — 7(0.212m)?(—8.50mT/s) = —1.20 mV. 
(b) For this path 


fi . d8 = —d®g/dt = — — 7(0.323m)?(—8.50mT/s) = —2.79 mV. 
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(c) For this path 


fe ds = —d®z/dt = — — 1(0.323 m)?(—8.50 mT/s) — 7 (0.323 m)?(—8.50 mT/s) = 1.59mV. 


E34-30 d®,/dt = AdB/dt = A(—6.51mT/s), while $ E- dS = 2rrE. 
(a) The path of integration is inside the solenoid, so 
—nr?(—6.51mT/s) — (0.022m)(—6.51 mT/s) 


= = = —5 
B= Bie = 5 7.16x10°°V/m. 


(b) The path of integration is outside the solenoid, so 


—7r2(— 2(_ : 
pew (—6.51 mT/s) = (0.063 m)*(—6.51 mT’/s) = 1.58% 10-4V /m 
InR 2(0.082 m) 


E34-31| The induced electric field can be found from applying Eq. 34-13, 


We start with the left hand side of this expression. The problem has cylindrical symmetry, so the 
induced electric field lines should be circles centered on the axis of the cylindrical volume. If we 
choose the path of integration to lie along an electric field line, then the electric field E will be 
parallel to ds, and FE will be uniform along this path, so 


fb as= $ Bds= 8 f ds =2ark, 


where r is the radius of the circular path. 
Now for the right hand side. The flux is contained in the path of integration, so ®g = Brr?. 
All of the time dependence of the flux is contained in B, so we can immediately write 


dB rdadB 
2 

se a ae 
de 2 dt 


2rrE = —a7r 


What does the negative sign mean? The path of integration is chosen so that if our right hand fingers 
curl around the path our thumb gives the direction of the magnetic field which cuts through the 
path. Since the field points into the page a positive electric field would have a clockwise orientation. 
Since B is decreasing the derivative is negative, but we get another negative from the equation 
above, so the electric field has a positive direction. 

Now for the magnitude. 


E = (4.82x 107? m)(10.7 x 107° T/s)/2 = 2.58x 1074 N/C. 
The acceleration of the electron at either a or c then has magnitude 


a = Eq/m = (2.58x10~* N/C)(1.60 x 107! C)/(9.11 x 107~*" kg) = 4.53 x 10’m/s?. 


P34-1) The induced current is given by i = €/R. The resistance of the loop is given by R = pL/A, 
where A is the cross sectional area. Combining, and writing in terms of the radius of the wire, we 
have 


ar€ 


pL - 


The length of the wire is related to the radius of the wire because we have a fixed mass. The total 
volume of the wire is rr?Z, and this is related to the mass and density by m = 6rr?L. Eliminating 
r we have 


. m€ 
i= bE?” 
The length of the wire loop is the same as the circumference, which is related to the radius R of the 
loop by L = 27R. The emf is related to the changing flux by € = —d®g/dt, but if the shape of the 
loop is fixed this becomes € = —AdB/dt. Combining all of this, 
; mA dB 
i= 5 
po(2rR)? dt 
We dropped the negative sign because we are only interested in absolute values here. 
Now A = 7R?, so this expression can also be written as 
= mrR? dB — m dB 
~ pd(2nR)2 dt — 4mpé dt’ 


u 


P34-2 For the lower surface B- A = (76x 10~®T)(m/2) (0.037 m)? cos(62°) = 7.67 x 10~>Wb. For 
the upper surface B- A = (76x 10~8T) (2/2)(0.037 m)? cos(28°) = 1.44x10~4Wb.. The induced emf 


is then 
E = (7.67x 10-°Wb + 1.44x 107-4Wb) /(4.5 x 1073s) = 4.9x 107-2V. 


P34-3 (a) We are only interested in the portion of the ring in the yz plane. Then € = (3.32 x 
10-3T/s)(m/4) (0.104 m)? = 2.82 x 10-5V. 

(b) From c to b. Point your right thumb along —a to oppose the increasing B field. Your right 
fingers will curl from c to b. 


P34-4 € «x NA, but A = mr? and N2nr = L, so € x 1/N. This means use only one loop to 
maximize the emf. 


P34-5| This is a integral best performed in rectangular coordinates, then dA = (dx)(dy). The 


magnetic field is perpendicular to the surface area, so B-dA = BdA. The flux is then 


= | f atime y dy ae. 
o Jo 


I l| 
— — 
N co 
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But a = 2.0 cm, so this becomes 
@p = (2T/m-s?)(0.02m)%#? = (1.6x 10-°Wb/s”)t?. 
The emf around the square is given by 
d®& 
E= ae = —(3.2x 107>Wb/s”)t, 


and at t = 2.5s this is -8.0x107°V. Since the magnetic field is directed out of the page, a positive 
emf would be counterclockwise (hold your right thumb in the direction of the magnetic field and 
your fingers will give a counter clockwise sense around the loop). But the answer was negative, so 
the emf must be clockwise. 
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P34-6 (a) Far from the plane of the large loop we can approximate the large loop as a dipole, and 


then 
fiz Lioit R? 
2x3 
The flux through the small loop is then 
«21,2 2 
Loit*r*R 
®p—ar°B - OO” 
B Tr 2x3 


(b) € = —d@z/dt, so 
3puoit2r? R2 
on ae 


(c) Anti-clockwise when viewed from above. 


P34-7| The magnetic field is perpendicular to the surface area, so B-dA = BdA. The flux is 
then 


bp = [B-dk= | BdA=Ba, 


since the magnetic field is uniform. The area is A = mr”, where r is the radius of the loop. The 


induced emf is a 4 
= Aga 27rB TE 


It is given that B = 0.785T, r = 1.23m, and dr/dt = —7.50x10~?m/s. The negative sign indicate 
a decreasing radius. Then 


€ = —2n(1.23 m)(0.785 T)(—7.50 x 107?m/s) = 0.455 V. 


P34-8 (a) d®g/dt = BdA/dt, but dA/dt is AA/At, where AA is the area swept out during one 
rotation and At = 1/f. But the area swept out is 7R?, so 


_ dbp 


_ 2 
-P =7fBR’. 


|E| 
(b) If the output current is i then the power is P = €i. But P = tw = 727 f, so 


P 
f= = =IBR*/2: 
Tv 


P34-9 (a) € =—d®g/dt, and ®g =B- A,so 
E = BLvcos6. 


The component of the force of gravity on the rod which pulls it down the incline is Fg = mgsin 0. 
The component of the magnetic force on the rod which pulls it up the incline is Fg = BiLcos@. 
Equating, 
Bilcosé = mgsin 8, 
and since € = iR, 
E mgRsiné 
v= = : 
BLcos@  B?L? cos? 6 
(b) P =i€ = €7/R = B?L?v? cos? 0/R = mgvsin§. This is identical to the rate of change of 
gravitational potential energy. 
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P34-10 Let the cross section of the wire be a. 
(a) R= pL/a = p(ré + 2r)/a; with numbers, 


R= (3.4x1073Q)(2 + 6). 
(b) ®g = Bor? /2; with numbers, 

© = (4.32 10~*Wb)6. 
(c) i= €/R= Bur? /2R = Bawr/20(6 + 2), or 


Baatr 
p(at? + 4) 


Take the derivative and set it equal to zero, 


4 — at? 
(at? + 4)?’ 


so at? = 4, or 6 = dat? = 2 rad. 


(d) w = V2a0, so 


ao (0.15 T) (1.2 10-6m?) 1/2(12 rad/s?)(2 rad) (0.24 m) Boh, 
(1.7x 10-8Q - m)(6 rad) 


P34-11| It does say approximate, so we will be making some rather bold assumptions here. First 
we will find an expression for the emf. Since B is constant, the emf must be caused by a change in 
the area; in this case a shift in position. The small square where B 4 0 has a width a and sweeps 
around the disk with a speed rw. An approximation for the emf is then € = Barw. This emf causes 
a current. We don’t know exactly where the current flows, but we can reasonably assume that it 
occurs near the location of the magnetic field. Let us assume that it is constrained to that region of 
the disk. The resistance of this portion of the disk is the approximately 


eae 


R=-2=-f =, 
aA cat at 


where we have assumed that the current is flowing radially when defining the cross sectional area of 
the “resistor”. The induced current is then (on the order of) 


é _ Barw 


R 1/(ot) 


= Barwot. 


This current experiences a breaking force according to F' = BII, so 
F = B’a?rwot, 


where / is the length through which the current flows, which is a. 
Finally we can find the torque from 7 = rF’,, and 


7 = Ba? r?wot. 


127 


P34-12 The induced electric field in the ring is given by Eq. 34-11: 27RE = |d®p/dt|. 
electric field will result in a force on the free charge carries (electrons?), given by F = Ee. 
acceleration of the electrons is then a = Ee/me. Then 


= e€ d® zB 
~ IRme dt” 


Integrate both sides with respect to time to find the speed of the electrons. 


i adt | um Been ai: 
2rRm. dt 


l 


By ode d®p 
~ WRmMe 
e€ 
= ——AOz. 
27RmMe ms 


The current density is given by 7 = nev, and the current by iA = ira”. Combining, 


hea? 


= SR Ene 


Actually, it should be pointed out that A Phig refers to the change in flux from external sources. 


This 


The 


The 


current induced in the wire will produce a flux which will exactly offset APhig so that the net flux 
through the superconducting ring is fixed at the value present when the ring became superconducting. 


P34-13 Assume that E does _vary as the picture implies. Then the line integral along the path 
shown must be nonzero, since E -1 on the right is not zero, while it is along the three other sides. 
Hence ¢ E- dl is non zero, implying a change in the magnetic flux through the dotted path. But it 


doesn’t, so E cannot have an abrupt change. 


P34-14 The electric field a distance r from the center is given by 


_ ar’dB/dT _ rdB 
7 2ar ade 


This field is directed perpendicular to the radial lines. 


Define h to be the distance from the center of the circle to the center of the rod, and evaluate 


E=fE-d, 
dB 
E = 
dt ; 
— dBL 
dt 2 
But h? = R? — (L/2)?, so 
dB L 
es L/2 
Pra (L/2) 
P34-15 (a) ®g = Tr? Bay, so 
E (0.32 m) 
CS J 2(0.28T) (1207) = 34V/m. 


(b) a= F/m= Eq/m = (33.8V/m)(1.6x 10-!9C) /(9.1x 10-84kg) = 6.0 10!2m/s?. 
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E35-1| Ifthe Earth’s magnetic dipole moment were produced by a single current around the core, 
then that current would be 


pp. (8.0 x 10725 /T) _ : 
i= Ge elias 


E35-2 (a) i= u/A = (2.33 A - m?)/(160)(0.0193 m)? = 12.4 A. 
(b) r = pB = (2.33 A- m?)(0.0346 T) = 8.06 x 10-2N - m. 


E35-3 (a) Using the right hand rule a clockwise current would generate a magnetic moment which 
would be into the page. Both currents are clockwise, so add the moments: 


pu = (7.00 A)m(0.20 m)? + (7.00 A)7(0.30m)? = 2.86 A - m?. 
(b) Reversing the current reverses the moment, so 


pu = (7.00 A)(0.20 m)? — (7.00 A)7(0.30m)? = —1.10 A- m?. 


E35-4 (a) p= iA = (2.58 A)n(0.16m)? = 0.207 A- m?. 
(b) r = pBsind = (0.207 A- m?)(1.20T) sin(41°) = 0.163N- m. 


E35-5| (a) The result from Problem 33-4 for a square loop of wire was 


= Ajigia? 
(Az? + a2)(4z? + 2a?)1/2° 


B(z) 


For z much, much larger than a we can ignore any a terms which are added to or subtracted from 
z terms. This means that 


Az? + q* — Az” and (427 + Baril? — 22, 


but we can’t ignore the a? in the numerator. 
The expression for B then simplifies to 


which certainly looks like Eq. 35-4. 
(b) We can rearrange this expression and get 


len Ho .9 
B(z) = dara 


where it is rather evident that ia? must correspond to ji, the dipole moment, in Eq. 35-4. So that 
must be the answer. 


E35-6 y= iA = (0.2 A)m(0.08m)? = 4.02 1073A - m?; f@ = pn. 
(a) For the torque, 
7 = jix B = (-9.65x10-4N- m)i + (—7.24x 10-4N - m)j + (8.08 x 10-4N - m)k. 
(b) For the magnetic potential energy, 


U = jfi- B = p[(0.60)(0.25 T)] = 0.603x 10-33. 
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E35-7 p= iA = in(a? + b?/2) = in(a? + b?)/2. 


E35-8 If the distance to P is very large compared to a or b we can write the Law of Biot and 
Savart as 5 cy 
3 Motsxr 
- An 3 


S is perpendicular to F for the left and right sides, so the left side contributes 


Lot b 
Bi ee 
4n (a + a/2)? 
and the right side contributes 
Ba = — Hot b 
3 An (2 = a/2)?" 


The top and bottom sides each contribute an equal amount 


— Mot asind poi a(b/2) 


By = Bz= ~) 
e “An a2 +02/4 An 28 


Add the four terms, expand the denominators, and keep only terms in 2°, 


pa_botab Ho 
An x3 An a3" 


The negative sign indicates that it is into the page. 


E35-9| (a) The electric field at this distance from the proton is 


x: 1 (1.60x10-!C) | 
~ An(8.85 x 10-12C2/N - m2) (5.29x10-Mm)2 


5.14x10'!N/C. 


(b) The magnetic field at this from the proton is given by the dipole approximation, 


Moe 

Qnz3’ 

(4m x 10-7N/A?)(1.41 x 10-76 A /m?) 
27 (5.29 x 10-11m)3 , 

= 1.90x10-?T 


Biz) = 


E35-10 1.50 g of water has (2)(6.02 x 1073)(1.5)/(18) = 1.00 x 1078 hydrogen nuclei. If all are 
aligned the net magnetic moment would be pz = (1.00 x 10?3)(1.41 x 10~7°J/T) = 1.41 x 1078J/T. 
The field strength is then 


= 9.3x1078T. 


lio ft “ee pg 9 (1.41 10735/T) 
# — (1.00x10-7N/A 
ge Sn Oe gern 


E35-11 (a) There is effectively a current of i = fq = qw/27. The dipole moment is then up = iA = 
(qu/2m)(mr?) = Zqur?. 
(b) The rotational inertia of the ring is mr? so L = Iw = mr?w. Then 


uw (1/2)qwr? sg 


L mr2w 2m" 
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E35-12 The mass of the bar is 
m = pV = (7.87 g/cm*)(4.86 cm)(1.31 cm?) = 50.1 g. 
The number of atoms in the bar is 
N = (6.02 x 107°) (50.1 g)/(55.8 g) = 5.41 1078. 
The dipole moment of the bar is then 
ji = (SAIN 10) (2.22) 27 10> 40 /T) = 11-61 /T. 


(b) The torque on the magnet is 7 = (11.6J/T)(1.53T) = 17.7N-m. 


E35-13] The magnetic dipole moment is given by u = MV, Eq. 35-13. Then 


p = (5,300 A/m)(0.048 m)7(0.0055 m)? = 0.024 A - m?. 


E35-14 (a) The original field is By = pioin. The field will increase to B = ky, Bo, so the increase is 
AB = (K1 — 1)poin = (3.3x 107*) (40 x 1077N/A”) (1.3 A)(1600/m) = 8.6x 107 °T. 


(b) M = (1 — 1)Bo/po = («1 — 1)in = (3.3x 10-4) (1.3 A)(1600/m) = 0.69 A/m. 


E35-15 The energy to flip the dipoles is given by U = 2uB. The temperature is then 


2B A(1.2x10-73J/T)(0.5T) 


T= = 
3k/2 3(1.38 x 10-233 /K) 


= 0.58 K. 


E35-16 The Curie temperature of iron is 770°C, which is 750°C higher than the surface temper- 
ature. This occurs at a depth of (750°C) /(30C°/km) = 25 km. 


E35-17| (a) Look at the figure. At 50% (which is 0.5 on the vertical axis), the curve is at 
Bo/T + 0.55 T/K. Since T = 300K, we have Bo © 165 T. 

(b) Same figure, but now look at the 90% mark. Bo/T ~ 1.60T/K, so Bo © 480T. 

(c) Good question. I think both fields are far beyond our current abilities. 


E35-18 (a) Look at the figure. At 50% (which is 0.5 on the vertical axis), the curve is at Bo/T = 
0.55T/K. Since Bo = 1.8T, we have T © (1.8T)/(0.55T/K) = 3.3K. 

(b) Same figure, but now look at the 90% mark. Bo/T = 1.60 T/K, so T = (1.8T)/(1.60 T/K) = 
1.1K. 


E35-19 Since (0.5T)/(10K) = 0.05T/K, and all higher temperatures have lower values of the 
ratio, and this puts all points in the region near where Curie’s Law (the straight line) is valid, then 
the answer is yes. 


E35-20 Using Eq. 35-19, 


VM M,M  (108g/mol)(511x103A/m) Pes ah 
en eve zs = 8.74x10-27A 
bn Ap 0d00ke/m3)(602x104/mol) 
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E35-21 (a) B = pop /2z°, so 


(4 x 10-7N/A2) (1.5 x 10723J/T) 
2(10 x 10-9m)3 


(b) U = 2uB = 2(1.5x 10-233 /T)(9.4x 10-®T) = 2.82 10-28J. 


B= = 94x107°T. 


E35-22 pg = (43x 10-°T) (295, 000 x 10°m2) = 1.3x 107Wb. 


E35-23| (a) We’ll assume, however, that all of the iron atoms are perfectly aligned. Then the 
dipole moment of the earth will be related to the dipole moment of one atom by 


LEarth = NuFe, 


where N is the number of iron atoms in the magnetized sphere. If m, is the relative atomic mass 
of iron, then the total mass is 
pes Nma _ ™a¢ [£arth 


A A LFe 
where A is Avogadro’s number. Next, the volume of a sphere of mass m is 
mm MA -Earth 


p pA re 


where p is the density. 
And finally, the radius of a sphere with this volume would be 


_ (3V ae — ( 3b earth™Ma ue 
r= {| — = | ——— ; 
4 Ant pipe A 


Now we find the radius by substituting in the known values, 


_ 3(8.0x 1022J/T)(56 g/mol) 
4a (14 x 106g /m*)(2.1 x 10-233 /T)(6.0 x 1023 /mol 


1/3 
.) = 1.8x10°m. 


(b) The fractional volume is the cube of the fractional radius, so the answer is 


(1.8x 10° m/6.4x 10°)? = 2.2x 107°. 


E35-24 (a) At magnetic equator L,, = 0, so 


pio (1.00 10-7N/A2)(8.0 x 1022J/T) 
= e = 31lyT. 
Anr3 (6.37 x 10®m)? 


There is no vertical component, so the inclination is zero. 
(b) Here Lm = 60°, so 


Hol = (1.00 x 10-7N/A?)(8.0x 1022J/T) me 
B= HH 1 + 3sin? Ly = 4/1 + 3sin2(60°) = 56yT. 
eve eee (6.37 x 10°m)3 SST OO!) 00H 


The inclination is given by 


arctan(B,/B),) = arctan(2 tan L,,) = 74°. 
(c) At magnetic north pole Ly, = 90°, so 


pot 2(1.00x 10-7N/A2)(8.0 x 1022J/T) 
= = = 62uT. 
2rr3 (6.37 x 10®m)? 


There is no horizontal component, so the inclination is 90°. 


132 


E35-25 This problem is effectively solving 1/r? = 1/2 for r measured in Earth radii. Then 
r = 1.26rp, and the altitude above the Earth is (0.26)(6.37 x 10°m) = 1.66 x 10°m. 


E35-26 The radial distance from the center is r = (6.37 x 10®m) — (2900 x 10m) = 3.47 x 10°m. 
The field strength is 
Bp _ Holt _ 2(1.00x10-N/A?)(8.0 x 102J/T) 


= = = 380uT. 
ars (3.47 10%m)3 s 


E35-27 Here Lm = 90° — 11.5° = 78.5°, so 


Holt a (1.00 x 10-7N/A2)(8.0x 1022J /T) = 
B= OK 14 gain? Ba = 4/1 + 3sin?(78.5°) = 61yT. 
ine ee (6.37x10%m)3 Bae Uo a ea 


The inclination is given by 


arctan(B,/By) = arctan(2 tan Ly) = 84°. 


E35-28 The flux out the “other” end is (1.6 x10~°T)7(0.13 m)? = 85uWb. The net flux through 
the surface is zero, so the flux through the curved surface is 0 — (85ysWb) — (—25y.Wb) = —60uWb.. 
The negative indicates inward. 


E35-29| The total magnetic flux through a closed surface is zero. There is inward flux on faces 
one, three, and five for a total of -9 Wb. There is outward flux on faces two and four for a total of 
+6 Wb. The difference is +3 Wb; consequently the outward flux on the sixth face must be +3 Wb. 


E35-30 The stable arrangements are (a) and (c). The torque in each case is zero. 
E35-31 The field on the x axis between the wires is 
B= : 
27 (5 +a 2r- -) 


Since $ B-dA= 0, we can assume the flux through the curved surface is equal to the flux through 
the xz plane within the cylinder. This flux is 


® Lot 1 1 
® = £ d 
a [|z (57+) me 
mee ee ine In — ; 
27 r 3r 
bes. 
7 


P35-1| We can imagine the rotating disk as being composed of a number of rotating rings of 
radius r, width dr, and circumference 27r. The surface charge density on the disk is o = q/7R?, 
and consequently the (differential) charge on any ring is 


dq = o(2rr)(dr) = ar 


The rings “rotate” with angular frequency w, or period T = 27/w. The effective (differential) current 
for each ring is then 


. dq qrw 
di = T = R2 dr. 
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Each ring contributes to the magnetic moment, and we can glue all of this together as 


m 


I 
See. 
a 

- 


P35-2 (a) The sphere can be sliced into disks. The disks can be sliced into rings. Each ring has 
some charge q;, radius r;, and mass m,; the period of rotation for a ring is T = 27/w, so the current 
in the ring is q/T = wq;/27. The magnetic moment is 

by = (wg; /2m) rr? = war? /2. 


Note that this is closely related to the expression for angular momentum of a ring: |; = wmjir?. 
Equating, 
pe = Gy /2mg. 


If both mass density and charge density are uniform then we can write q;/m; = q/m, 


b= pa = (a/2m) f al = qL/2m 
For a solid sphere L = wI = 2wmR?/5, so 
p= qwR?/5. 
(b) See part (a) 
P35-3 (a) The orbital speed is given by K = mv?/2. The orbital radius is given by mv = qBr, or 


r = mv/qB. The frequency of revolution is f = v/2mr. The effective current is 1 = gf. Combining 
all of the above to find the dipole moment, 
2 vr mv «K 


UV 
— Torr =) 


(b) Since g and m cancel out of the above expression the answer is the same! 
(c) Work it out: 


Ma He = (6.28% 1074/m?)(6.21 x 10-7 J) (5.28 x 1074 /mm?)(7.58x 10-7" J) 


V (1.18T) (1.18T) = see, 


P35-4 (b) Point the thumb or your right hand to the right. Your fingers curl in the direction of 
the current in the wire loop. 

(c) In the vicinity of the wire of the loop B has a component which is directed radially outward. 
Then B x dg has a component directed to the left. Hence, the net force is directed to the left. 


P35-5  (b) Point the thumb or your right hand to the left. Your fingers curl in the direction of the 
current in the wire loop. 

(c) In the vicinity of the wire of the loop B has a component which is directed radially outward. 
Then B x ds has a component directed to the right. Hence, the net force is directed to the right. 
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P35-6 (a) Let « = wB/kT. Adopt the convention that N, refers to the atoms which have parallel 
alignment and N_ those which are anti-parallel. Then N, + N_ = WN, so 


Ny = Ne*/(e? +e~*), 


and 
N_=Ne*/(e* +e”), 


Note that the denominators are necessary so that Ny + N_=WN. Finally, 


e” —e* 


M = p(N, — N_) = pN-—_.. 
ev +e 


(b) If wB < kT then x is very small and et® ~ 1+. The above expression reduces to 


j=) oe JB 
whe OM ee aelnag\ = Rae 


(c) If wB >> kT then z is very large and e** — co while e~* — 0. The above expression reduces 


to 
N=wuN. 


P35-7| (a) Centripetal acceleration is given by a = rw”. Then 


a@—a, = T(wo+ Aw)? — rez, 
= 2rwpAw + r(Awy)’, 
~ 2rwoAw. 


(b) The change in centripetal acceleration is caused by the additional magnetic force, which has 
magnitude F'g = quB = erwB. Then 
Aw = a-—dag eB 


rw 2m’ 


Note that we boldly canceled w against wo in this last expression; we are assuming that Aw is small, 
and for these problems it is. 


P35-8 (a) i=p/A = (8.0x1072J/T) /7(6.37 x 10°m)? = 6.3 x 108A. 
(b) Far enough away both fields act like perfect dipoles, and can then cancel. 
(c) Close enough neither field acts like a perfect dipole and the fields will not cancel. 


P35-9 (a) B= VB)? + By?, so 


B= PO A /cos? Lm + 4sin? Dm = 28 4/14 3sin? Lm. 
Anr3 Arr 


(b) tan ¢d, = By /By = 2sin Ly, / cos Ly = 2tan Ly. 
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E36-1| The important relationship is Eq. 36-4, written as 


iL (5.0mA)(8.0 mH) = 
aa (400) * 


E36-2 (a) © = (34)(2.62x 10-3T)1(0.103 m)? = 2.97 x 10-3Wb. 
(b) L = ®/i = (2.97x 10-3 Wb) /(3.77 A) = 7.88 x 10~4H. 


E36-3 n= 1/d, where d is the diameter of the wire. Then 


A (4mx1077H/m)(7/4)(4.10 x 10-2m)? eo 
eee ey prea = 2.61x10~4H/m. 
paeee a (2.52 10-3m)? Ses 


E36-4 (a) The emf supports the current, so the current must be decreasing. 
(b) L = €/(di/dt) = (17 V)/(25x 10A/s) = 6.8x10-4H. 


E36-5| (a) Eq. 36-1 can be used to find the inductance of the coil. 


1 — £e_ —_ (3.0m) 
~ di/dt — (5.0A/s) 


= 6.0x107+H. 


(b) Eq. 36-4 can then be used to find the number of turns in the coil. 


. —4 
na iE — (8.0A)(6.0x10H) _ 555 
Op (40.Wb) 


E36-6 Use the equation between Eqs. 36-9 and 36-10. 


ee we (4 x 10-7H/m) (0.81 A) (536) (5.2 x 107 7m) _ (5.2x107?m) + (15.3 x 107m) 
= Qn (15.3 10-2m) 


1.32x107°Wb. 


I 


E36-7 L = kmpon? Al = kmpioN7A/lI, or 


L = (968)(4m x 107 H/m)(1870)?(m/4)(5.45 x 107?m)?/(1.26 m) = 7.88 H. 


E36-8 In each case apply € = LAi/At. 

(a) € = (4.6H)(7 A)/(2x 10~3s) = 1.6 104V. 
(b) € = (4.6 H)(2 A)/(3x 1073s) = 3.1x 10°V. 
(c) € = (4.6H)(5.A)/(1x10-3s) = 2.3x 104V. 


E36-9| (a) If two inductors are connected in parallel then the current through each inductor will 
add to the total current through the circuit, 1 = 7; + t2, Take the derivative of the current with 
respect to time and then di/dt = di; /dt + diz/dt, 

The potential difference across each inductor is the same, so if we divide by € and apply we get 


difdt _ dis/dt | din/at 
Ee 4g = 


But 
di/dt ame 


€ LD’ 
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so the previous expression can also be written as 


ie oe a 
(eee bs La" 


(b) If the inductors are close enough together then the magnetic field from one coil will induce 
currents in the other coil. Then we will need to consider mutual induction effects, but that is a topic 
not covered in this text. 


E36-10 (a) If two inductors are connected in series then the emf across each inductor will add to 
the total emf across both, € = €; + €o, 
Then the current through each inductor is the same, so if we divide by di/dt and apply we get 


E & in E> 
di/dt di/dt  di/dt’ 


But 
E 


meine or a 
di/dt 
so the previous expression can also be written as 


Leq = 11 + Lo. 


(b) If the inductors are close enough together then the magnetic field from one coil will induce 
currents in the other coil. Then we will need to consider mutual induction effects, but that is a topic 
not covered in this text. 


E36-11 Use Eq. 36-17, but rearrange: 


Uo : (1.50s) = 
TL Faigfé In(A6A)/(0.2x10-8A)) 


Then R = L/t,, = (9.44H)/(0.317s) = 29.80. 


E36-12 (a) There is no current through the resistor, so Eg = 0 and then Ez, = €. 
(b) €p='Ge-? = (C135 )E. 
(c) n = —In(Ez/E) = —In(1/2) = 0.693. 


E36-13| (a) From Eq. 36-4 we find the inductance to be 


Nog (26.2x10-3Wb) a 
L = — = 4. 1 H. 
i (5.48 A) ee 


Note that ®g is the flux, while the quantity N®z is the number of flux linkages. 
(b) We can find the time constant from Eq. 36-14, 


tr = L/R= (4.78x107°H)/(0.745 Q) = 6.42x 1073s. 


The we can invert Eq. 36-13 to get 


i = ~riin (1-2), 


g 
(0.745 A)(2.53.A) 
(6.00 V) 


= —(6.42x107%s)In (1 ) = 2.42x 1073s. 
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E36-14 (a) Rearrange: 


di 
E iR+ aE’ 
Em a Ldi 
a = 
R R dt’ 
yt Saat 
L E/R-i 
(b) Integrate: 
t i 
fs fee 
9 L 9 t-€/R 
R it+é€/R 
-—t = | 
Li a ee 
E 
aoe it+€/R, 
= (1— et) = j 


E36-15  di/dt = (5.0A/s). Then 


eam ee = (3.0 A)(4.02) + (5.0 A/s)t(4.0) + (6.0H)(5.0 A/s) = 42 V + (20V/s)t. 


E36-16 (1/3) = (1—e~‘/7), so 


t (5.22) 
= =O) My 


E36-17| We want to take the derivative of the current in Eq. 36-13 with respect to time, 
dE. sn € 
L 


ee —t/tr 

di Rr, 7 
Then ty = (5.0x10~?H)/(180Q) = 2.78x10~“s. Using this we find the rate of change in the current 
when ¢t = 1.2 ms to be 


di (45 V) e7 (1-2x107 3s) /(2.78x10~“s) = 12A/s. 


dt ((5.0x 10-2H) 


E36-18 (b) Consider some time ¢;: 
Ex(t;) = Ee "8/™, 
Taking a ratio for two different times, 
Ex(ti) = elta—t)/Tr 


or 
tg — ty (2 ms) _ (1 ms) 


| ~ infér(ti)/Ex(ta)|  In|(18.24V)/(13.8V) 
(a) Choose any time, and 


E = Ezet/™ = (18.24 V)e ™5)/(8.58ms) — o4y, 


= 3.58ms 
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E36-19 (a) When the switch is just closed there is no current through the inductor. So 71 = ig is 
given by 

_ E 2 (100 V) 

~ Ryp+ Ry (102) + (209) 


(b) A long time later there is current through the inductor, but it is as if the inductor has no 
effect on the circuit. Then the effective resistance of the circuit is found by first finding the equivalent 
resistance of the parallel part 


= 3.33 A. 


11 


1/(30Q) +. 1/(20Q) = 1/(12Q), 
and then finding the equivalent resistance of the circuit 
(102) + (12.Q) = 222. 
Finally, 7; = (100 V)/(22Q) = 4.55 A and 
AV, = (100 V) — (4.55 A)(10Q) = 54.5 V; 


consequently, ig = (54.5 V)/(20Q) = 2.73 A. It didn’t ask, but i2 = (4.55 A) — (2.73 A) = 1.82 A. 
(c) After the switch is just opened the current through the battery stops, while that through the 
inductor continues on. Then ig = i3 = 1.82 A. 
(d) All go to zero. 


E36-20 (a) For toroids L = pio Nh In(b/a)/27. The number of turns is limited by the inner radius: 
Nd = 2na. In this case, 
N = 27(0.10m)/(0.00096 m) = 654. 


The inductance is then 
(4a x 10-7H/m)(654)?(0.02 m), (0.12m) 


L= 1 = 3.1x107+H. 
Qn "(0.10 m) mi 


(b) Each turn has a length of 4(0.02m) = 0.08m. The resistance is then 
R= N(0.08 m)(0.021 Q/m) = 1.109 
The time constant is 


ty = L/R = (3.1x107*H)/(1.10Q) = 2.8 1074s. 


E36-21| (I) When the switch is just closed there is no current through the inductor or Re, so the 
potential difference across the inductor must be 10 V. The potential difference across R, is always 
10 V when the switch is closed, regardless of the amount of time elapsed since closing. 


(a) 47 = (LOV)/(5.02) = 2.0A. 

(b) Zero; read the above paragraph. 

(c) The current through the switch is the sum of the above two currents, or 2.0 A. 

(d) Zero, since the current through Rg is zero. 

(e) 10 V, since the potential across Rg is zero. 

(f) Look at the results of Exercise 36-17. When ¢t = 0 the rate of change of the current is 
di/dt = E/L. Then 


di/dt = (10 V) /(5.0H) = 2.0.A/s. 


(II) After the switch has been closed for a long period of time the currents are stable and the 
inductor no longer has an effect on the circuit. Then the circuit is a simple two resistor parallel 
network, each resistor has a potential difference of 10 V across it. 
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Still 2.0 A; nothing has changed. 
ig = (10 V)/(10Q2) = 1.0A. 
Add the two currents and the current through the switch will be 3.0 A. 
10 V; see the above discussion. 
Zero, since the current is no longer changing. 
Zero, since the current is no longer changing. 


 S WH 


a 
b 
c 
d 


ha 


( 
( 
( 
( 
(e 
(f 


Je, 


E36-22 U = (71J/m*)(0.022m?) = 1.56J. Then using U = i?L/2 we get 
i= \/2U/L = \/2(1.56 J) /(0.092 H) = 5.8 A. 


E36-23 (a) L = 2U/i? = 2(0.0253 J)/(0.062 A)? = 13.2 H. 
(b) Since the current is squared in the energy expression, doubling the current would quadruple 
the energy. Then i’ = 2%9 = 2(0.062 A) = 0.124 A. 


E36-24 (a) B= poin and u = B?/2y0, or 
U = poi?n? /2 = (4m x 107-7N/A?)(6.57 A)?(950/0.853 m)?/2 = 33.6 J/m’. 
(b) U = wAL = (33.6 J/m?)(17.2 x 10-4m?) (0.853 m) = 4.93 x 1072. 


E36-25 ug = B?/2y9, and from Sample Problem 33-2 we know B, hence 


(12.6 T)? 


= 6.32 10’J/m?. 
2(4m x 10-7N/A?) Se 


UB = 


E36-26 (a) up = B?/2,0, so 
(100 x 10-'*T)? 1 
2(4m x 10-7N/A2) (1.6 x 10-19J/eV) 


(b) x = (10)(9.46 x 10'°m) = 9.46x10'°m. Using the results from part (a) expressed in J/m* we 
find the energy contained is 


U = (3.98 x 1071? J/m?)(9.46 x 10'6m)? = 3.4x 10°°J 


uB = = 2.5x10-? eV/cm’®. 


E36-27| The energy density of an electric field is given by Eq. 36-23; that of a magnetic field is 
given by Eq. 36-22. Equating, 


€0 72 dag 
—k* = ~—B 
2 20 
BE = B 
Volo” 


The answer is then 


E = (0.50T)/\/(8.85 x 10 !2C2/N - m2)(4 x 10-7N/A?) = 1.5x 108 V/m. 


E36-28 The rate of internal energy increase in the resistor is given by P = iAVp. The rate of 
energy storage in the inductor is dU/dt = Lidi/dt = iAV;. Since the current is the same through 
both we want to find the time when AVp = AV,. Using Eq. 36-15 we find 


T= eo t/t = et TL 
In2 = t/tz, 
so t = (37.5 ms) In2 = 26.0 ms. 
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E36-29 (a) Start with Eq. 36-13: 


i = €(1—e-/7)/R, 
eee = e 


E 


—t/TL 
’ 


pa 
In(l —iR/E)’ 

—(5.20 x 1073s) 
In{1 — (1.96 x 10-3A)(10.4 x 103Q) /(55.0 V)]’ 
= 1.12x107?s. 


T= 


Then L = 7,R = (1.12x 10~?s)(10.4x 103) = 116 H. 
(b) U = (1/2)(116 H) (1.96 x 103A)? = 2.23 1074J. 


E36-30 (a) U = €Agq; q= f idt. 


‘ae ef a (tet) at, 
£2 2 


Using the numbers provided, 


tr = (5.48 H)/(7.34Q) = 0.7466s. 


Then a2.2vy? 
= : >) 74 ‘ —(2s)/0.7466s) _ 1 = 26.4 
U = aay \ s) + (0.7466s)(e | 6.AJ 
(b) The energy stored in the inductor is U, = Li?/2, or 
Le? 2 
0 aa | (1 = el) dt, 
= 6.57 J. 


(c) Up =U —U, =19.8). 


E36-31] This shell has a volume of 


V= = ((Re + a)? _ Rp’) , 


Since a << Rp we can expand the polynomials but keep only the terms which are linear in a. Then 


V = 4nRp2a = 477(6.37 x 10°m)?(1.6 x 104m) = 8.2x1018m?. 


The magnetic energy density is found from Eq. 36-22, 


1 (60x 10-6 T)? 
Saye ee = 1.43x 10733 /m3. 
OB Si 2(4n x 10-7N/A?) s aa 


The total energy is then (1.43 x 10~3J/m)(8.2eer18m°) = 1.2 x101°J. 
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E36-32 (a) B= poi/27r and ug = B?/2u9 = Moi? /87?r?, or 
up = (4nx107~7H/m)(10 A)? /877(1.25 x 1073m)? = 1.0J/m’. 
(b) E=AV/lL=iR/I and up = egE?/2 = e9i7(R/l)?/2. Then 


up = (8.85x107'?F/m) (10 A)?(3.3x 107-°Q/m)?/2 = 4.8x 107° J/m’. 


E36-33 i= \/2U/L = \/2(11.2x 10-83) /(1.48x 10-3H) = 0.123 A. 
E36-34 C = q?/2U = (1.63x 10-®C)?/2(142 x 10-8J) = 9.36 x 10-9F. 


E36-35 1/27f =VLC so L=1/41n7 f2C, or 


L = 1/41? (10 x 10°Hz)?(6.7 x 107 °F) = 3.8x10-°H. 


E36-36 = dmax?/2C = Limax?/2, or 


imax = Imax/WLC = (2.94x 107°C) /\/(1.13 x 10-3H) (3.88 x 10-6F) = 4.44x107-7A. 


E36-37| Closing a switch has the effect of “shorting” out the relevant circuit element, which 
effectively removes it from the circuit. If $1 is closed we have tc = RC or C =7C/R, if instead So 
is closed we have rt, = L/R or L = Rrz, but if instead S3 is closed we have a LC circuit which will 
oscillate with period 


LS zal =2nv LC. 


Ww 
Substituting from the expressions above, 
2 
T = — = 2n,/TLTC. 
wW 


E36-38 The capacitors can be used individually, or in series, or in parallel. The four possible 
capacitances are then 2.00uF, 5.00uF, 2.00u-7 + 5.00uF = 7.00uF, and (2.00u7)(5.00uF)(2.00u- + 
5.00uF) = 1.43uF. The possible resonant frequencies are then 


ae 
mViC ~ & 
1 1 
= 1330H 
Ay a 2 
1 1 
=: 4130 'H 
£y como 3 
1 1 
712 H 
2) ae 
: : = 602H 
On \! (10.0mH)(7.00nF) a 
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E36-39 (a) k = (8.13N)/(0.0021 m) = 3.87 x 10°N/m. w = \/k/m = \/(3870N/m)/(0.485kg) = 
89.3 rad/s. 
(b) T = Qn /w = 27n/(89.3 rad/s) = 7.03 x 10~2s. 
(c) LC = 1/w?, so 
C =1/(89.3 rad/s)?(5.20H) = 2.41 107°F. 


E36-40 The period of oscillation is T = 24/LC = 27,/(52.2mH)(4.21F) = 2.95 ms. It requires 
one-quarter period for the capacitor to charge, or 0.736 ms. 


E36-41| (a) An LC circuit oscillates so that the energy is converted from all magnetic to all 
electrical twice each cycle. It occurs twice because once the energy is magnetic with the current 
flowing in one direction through the inductor, and later the energy is magnetic with the current 
flowing the other direction through the inductor. 

The period is then four times 1.528, or 6.08 ps. 

(b) The frequency is the reciprocal of the period, or 164000 Hz. 

(c) Since it occurs twice during each oscillation it is equal to half a period, or 3.04. 


E36-42 (a) q = CAV = (1.13x 10-9F)(2.87 V) = 3.24x10-°C. 
(c) U = q?/2C = (3.24x 10-9C)?/2(1.13 x 10-9F) = 4.64x 1079J. 
(b) i= /2U/L = \/2(4.64x 10-9) /(3.17x 10-3) = 1.71 10-3A. 


E36-43 (a) im = dmw and gm = CVm. Multiplying the second expression by L we get Lam = 
Vin/w*. Combining, Ligw = Vm. Then 


w (50V) 


_ 7 -, 
Qt 27(0.042 H)(0.031 A) = 6.1x10°/s. 


f= 


(b) See (a) above. 
(c) C =1/w?L = 1/(276.1 x 108/s)?(0.042 H) = 1.6x 10-8F. 


E36-44 (a) f = 1/2nVLC = 1/2m,/(6.2x 10-5F)(54x 10-8H) = 275 Hz. 
(b) Note that from Eq. 36-32 we can deduce imax = WQmax- The capacitor starts with a charge 
q = CAV = (6.2x 10-°F)(34V) = 2.11x1074C. Then the current amplitude is 


imax = Gmax/WLC = (2.11x 10~4C)/./(6.2 x 10-SF) (54 x 10-3H) = 0.365 A. 


E36-45 (a) w = 1/VLC = 1/\/(10x10-°F)(3.0x 10-3H) = 5800 rad/s. 
(b) T = 2n/w = 27/(5800 rad/s) = 1.1x 1073s. 


E36-46 f = (2x10°Hz)(1+0/180°). C =47?/f?L, so 


An? (9.9x 10-7F) 


(2 105Hz)2(1 + 0/180°)2(1mH) (1 + 6/180°)2" 


E36-47 (a) Ug = Up/2 and Ug +Up =U, so 3Ug = U, or 3(q?7/2C) = G2ax/2C, 80 ¢ = Gmax/ V3. 
(b) Solve ¢ = dmax Coswt, or 


‘i 
t = 5 arccos 1/V3 = 0.152T. 
TT 
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E36-48 (a) Add the contribution from the inductor and the capacitor, 


(24.8x 10-3H)(9.16x10-8A)2_ (3.83 x 10-8)? - 
o 2 * 773x108) 


(b) dm = \/2(7.73 x 10-®F) (1.99 x 10-8J) = 5.55 x 10-8C. 
(c) im = /2(1.99 10-53) /(24.8x10-3H) = 1.27x10-2A. 


E36-49| (a) The frequency of such a system is given by Eq. 36-26, f = 1/21VLC. Note that 
maximum frequency occurs with minimum capacitance. Then 


Fy. 2 (G- /(365 pF) _ 
fo VC, V (Q0pF) © a 


(b) The desired ratio is 1.60/0.54 = 2.96 Adding a capacitor in parallel will result in an effective 
capacitance given by 


C1 eff >= Ch + Cada, 


with a similar expression for C2. We want to choose C'aga so that 


fi C2 of 
— “— = 2.96. 
fo Chef 
Solving, 
Crett = Crer(2.96)?, 
Co+Cada = (C1 + Caaa)8.76, 
C2 — 8.760; 
Ca = —_ , 
os 7.76 
(365 pF) — 8.76(10 pF) 
7.76 B 
The necessary inductance is then 
1 1 
L = 2.2x10~-4H. 


~ An f2C — 47r?(0.54 x 10°Hz)2(401 x 10-12F) 


E36-50 The key here is that Ug = C(AV)?/2. We want to charge a capacitor with one-ninth the 
capacitance to have three times the potential difference. Since 32 = 9, it is reasonable to assume 
that we want to take all of the energy from the first capacitor and give it to the second. Closing 
S; and $2 will not work, because the energy will be shared. Instead, close Sz until the capacitor 
has completely discharged into the inductor, then simultaneously open $2 while closing S;. The 
inductor will then discharge into the second capacitor. Open S; when it is “full”. 


E36-51 (a) w=1/VIC. 


din = 22 = (2.0 A) /(3.0x 10-8) (2.7 10-6F) = 1.80x 10-4 
Ww 


(b) dUc/dt = qi/C. Since q = qmsinwt and i = i, coswt then dUc/dt is a maximum when 
sinwtcoswt is a maximum, or when sin2wt is a maximum. This happens when 2wt = 7/2, or 
t=T/8. 

(c) dUc/dt = dmim/2C, or 


dUc /dt = (1.80 x 10~*C) (2.0 A) /2(2.7 x 10°F) = 67 W. 
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E36-52 After only complete cycles ¢ = qmaxe~“*/?”. Not only that, but t = Nr, where t = 27/w’. 
Finally, w! = \/(1/LC) — (R/2L)?. Since the first term under the square root is so much larger than 
the second, we can ignore the effect of damping on the frequency, and simply use w’ © w = 1/ VLC. 
Then 


—NRr/2L e-NaRVLC/L _ max NT RV C/E, 


d = dmax€ 
Finally, tRx/G/L = (7.22) \/(8.18 HE)/(12.3 H) = 1.15x 10-2. Then 


= max 


N=5 : q=(6.31pC)e5O!) = 5.96u0, 
N=5 : q¢= (6.31pC)e—100-0145) — 5 62uC, 
N=5 : q= (6.31pC)e~1000-045) — 1 99u0. 


E36-53 Use Eq. 36-40, and since U « q?, we want to solve e7P*/4 = 1/2, then 


t= Pio: 
R 


E36-54 Start by assuming that the presence of the resistance does not significantly change the 
frequency. Then w = 1//LC, ¢ = dmaxe */2", t = Nr, and r = 2n/w. Combining, 


i age ee = Gee Nae — max NTRV C/E, 
Then 
L/C 220mH) /(12uF 
pen ae ee v( mH) / (120 ) 1n(0.99) = 8700.2. 
Nr (50) 


It remains to be verified that 1/LC >> (R/2L)?. 


E36-55| The damped (angular) frequency is given by Eq. 36-41; the fractional change would then 


be 
2S = i, (Ret = ia be CRA). 


Setting this equal to 0.01% and then solving for R, 


4 4(12.6x 10-3H) 
= 4/2 (1— (1 —0.0001)2) = ,f 22 (1.9999. x 10-4) = 2.96.0. 
# (3 Catto a (eee een) 


P36-1| The inductance of a toroid is 


In-. 
27 ir 


If the toroid is very large and thin then we can write b = a+ 6, where 6 << a. The natural log then 


can be approximated as 
b 0) ) 
In-=In(14+-]e2-. 
a a a 


The product of 6 and fh is the cross sectional area of the toroid, while 27a is the circumference, 
which we will call 1. The inductance of the toroid then reduces to 
tioN? 6 oN? A 


Le 
27 a l 


But N is the number of turns, which can also be written as N = nl, where n is the turns per unit 
length. Substitute this in and we arrive at Eq. 36-7. 
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P36-2 (a) Since ni is the net current per unit length and is this case i/W, we can simply write 
(b) There is only one loop of wire, so 


L= ¢p/i = BA/i = win R?/Wi = pot R?/W. 


P36-3 Choose the y axis so that it is parallel to the wires and directly between them. The field 
in the plane between the wires is 

Hot 1 7 1 

— Qn \d/2+x2 d/2-a2)° 


The flux per length | of the wires is 


Bie fa a dn = 808 ce 1 ) ae 
yee d/2+a ee d/2—« , 
Loi d/2-a 
= 2— d 
2m J_a/2+a (aa) ’ 
pag ed 
20 a 
The inductance is then 
_ ¢B _ pol, d—-a 
= = In 


P36-4 (a) Choose the y axis so that it is parallel to the wires and directly between them. The 
field in the plane between the wires is 


bot 1 ; 1 
~ On \d/2+a ° d/2-a)° 
The flux per length | between the wires is 
d/2-—a -  nd/2-a 
Lo? 1 1 
—d/2+a 20 —d/2+a d/2+a d/2—« 


Loi d/2-a 1 
ae ee 
an J_ajata \d/2+2 


Lot, d-a 
n : 


20 a 


The field in the plane inside one of the wires, but still between the centers is 


_ Hot 1 se d/2—2 
- In \d/2Q+a a ; 
The additional flux is then 


d/2 d/2 1 2 
b. = > Burs ( as 5 *) ae, 
sia a 20 d/2-a d/2+ «x a 
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The flux per meter between the axes of the wire is the sum, or 


on = Hot (mS +3), 
T a 2 
(4x 10-TH/m)(11.3A) (, (21.8,mm) , 1 
_ 1 (1.3mm) | 2)’ 


= 15x107°Wb/m. 


(b) The fraction f inside the wires is 
d 1 d 1 
i (m 2. +5)/(mo+5). 


7 (Ga es 3) (GS 5) 


= 0.09. 


(c) The net flux is zero for parallel currents. 


P36-5| The magnetic field in the region between the conductors of a coaxial cable is given by 


pa boi, 
2ur 


so the flux through an area of length 1, width b — a, and perpendicular to B is 


oe = [Bake [Baa 


Ila 


We evaluated this integral is cylindrical coordinates: dA = (dr)(dz). As you have been warned so 
many times before, learn these differentials! 
The inductance is then 
®p  uUol, b 
a 27 a 
P36-6 (a) So long as the fuse is not blown there is effectively no resistance in the circuit. Then 
the equation for the current is E = Ldi/dt, but since € is constant, this has a solution i = Et/L. 
The fuse blows when t = imaxL/E€ = (3.0 A)(5.0H)/(10 V) = 1.5s. 
(b) Note that once the fuse blows the maximum steady state current is 2/3 A, so there must be 
an exponential approach to that current. 


P36-7 The initial rate of increase is di/dt = E/L. Since the steady state current is E€/R, the 
current will reach the steady state value in a time given by €/R =i = Et/L, or t = L/R. But that’s 
TL. 


P36-8 (a) U = 1Li? = (152 H)(32A)?/2 = 7.8x 104. 


ee. 
(b) If the coil develops at finite resistance then all of the energy in the field will be dissipated as 
heat. The mass of Helium that will boil off is 


m = Q/Ly = (7.81043) /(85 J/mol) /(4.00¢/mol) = 3.7 kg. 
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P36-9 (a) B= (poNi)/(277r), so 
B? oN? 


Quo Brrr? * 
(b) U = fudV = f urdr d@dz. The field inside the toroid is uniform in z and 0, so 


b 2,2 
LoN*t 

U = anh f 352,2 r dr, 

hyo N27? b 

—— ln-. 


An a 


(c) The answers are the same! 


P36-10 The energy in the inductor is originally U = Liz/2. The internal energy in the resistor 
increases at a rate P = 7?R. Then 


oo oo 2 2 
i Pat=R | 2en2t/to qe — Pot _ Mo 
- ams 2 2 


P36-11] (a) In Chapter 33 we found the magnetic field inside a wire carrying a uniform current 
density is 


_ bor 
"In R2° 


The magnetic energy density in this wire is 


1 ae [oi?r? 
7 2 Lo = 872 R4° 


We want to integrate in cylindrical coordinates over the volume of the wire. Then the volume 
element is dV = (dr)(r d0)(dz), so 


Up = [usav. 


20 
-f[ is | Hor dO de rdr 


2 
[ot l 
a ae r dr, 


A) oil 
167° 
(b) Solve 
L. 
Up = at 
for L, and 
2Up _ pol 
L= =—. 
i? 87 


P36-12 1/C = 1/C, + 1/C2 and L = £1 4+ Ip. Then 


Ne + Cy Ch a Co Wo : 


* = VIG = via CiC2 Cz /we + Ci/w? _ 1 
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P36-13 (a) There is no current in the middle inductor; the loop equation becomes 


d? ad? 
po2, 44,749, 9 


Ge Ge a AG — 


Try ¢ = dm coswt as a solution: 


which requires w = 1//LC. 
(b) Look at only the left hand loop; the loop equation becomes 
dq 4 


L OL 
da 6 ee ap 


= 0. 


Try ¢ = dm cos wt as a solution: 
1 
—Ly? + = — Ibu? = 0; 
C 


which requires w = 1/V3LC. 


P36-14 (b) (w’ —w)/w is the fractional shift; this can also be written as 


= /1—(LC)(R/2L)2 -1, 
= V1-—RC/4L -1, 


2 —6 
i: CUD a ee ee eee 


4(4.4H) 


P36-15| We start by focusing on the charge on the capacitor, given by Eq. 36-40 as 


qd = qme ™/?* cos(w't + ¢). 


After one oscillation the cosine term has returned to the original value but the exponential term has 
attenuated the charge on the capacitor according to 


Gs ane Ms 


where T is the period. The fractional energy loss on the capacitor is then 


For small enough damping we can expand the exponent. Not only that, but T = 27/w, so 


ad x IQrR/wLl. 
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P36-16 We are given 1/2 = e~*/?7" when t = 27n/w’. Then 


i 27 27n _ mmkR 
ot OGTR) inde = TA 
From Eq. 36-41, 
w2—w? = (R/2L)?, 
(w-w')wtw') = (R/2L)’, 
(w — w") Qu" (R/2L)?, 
Wu (R/2L)? 
w > Qu’? 
_ (In2)? 
~ 872n2’ 
0.0061 
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E37-1| The frequency, f, is related to the angular frequency w by 


w = Inf = 27(60 Hz) = 377 rad/s 


The current is alternating because that is what the generator is designed to produce. It does this 
through the configuration of the magnets and coils of wire. One complete turn of the generator will 
(could?) produce one “cycle”; hence, the generator is turning 60 times per second. Not only does 
this set the frequency, it also sets the emf, since the emf is proportional to the speed at which the 
coils move through the magnetic field. 


E37-2 (a) X, =wL, so 
f = XL /2nL = (1.28 x 10°Q) /27(0.0452 H) = 4.51 x 10%/s. 
(b) Xo = 1/wC, so 
C =1/20f Xo = 1/2n(4.51 x 103 /s)(1.28 x 10°Q) = 2.76 x 10-8F. 


(c) The inductive reactance doubles while the capacitive reactance is cut in half. 


E37-3 (a) X, = Xc implies wl = 1/wC or w = 1/V LC, so 


w = 1/\/(6.23 x 10-3H)(11.4x 10-6F) = 3750 rad/s. 
(b) X; = wL = (3750 rad/s) (6.23 x 10-3H) = 23.49 
(c) See (a) above. 
E37-4 (a) im = €/Xzt = E/wL, so 
dm = (25.0 V) /(377 rad/s)(12.7 H) = 5.22x1073A. 


(b) The current and emf are 90° out of phase. When the current is a maximum, € = 0. 
(c) wt = aresin[E(t)/Em], so 


(—13.8V) 


798 Y) — 0.585 rad. 
(25.0V) - 


wt = arcsin 


and 
i = (5.22 x 107A) cos(0.585) = 4.35 x 1073A. 


(d) Taking energy. 


E37-5| (a) The reactance of the capacitor is from Eq. 37-11, Xc = 1/wC. The AC generator 
from Exercise 4 has € = (25.0 V) sin(377 rad/s)t. So the reactance is 


1 1 
© we (377 rad/s) (4.1pF) 
The maximum value of the current is found from Eq. 37-18, 
= (AVo)imax) _ (25-0V) _ 3 9619-2, 


ae Xe (647) 


(b) The generator emf is 90° out of phase with the current, so when the current is a maximum 
the emf is zero. 
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(c) The emf is -13.8 V when 


(—13.8V) 


“98 *) — 0.585 rad. 
(25.0V) ~ 


wt = arcsin 


The current leads the voltage by 90° = 7/2, so 
i = im sin(wt — ¢) = (3.86 x 10~7A) sin(0.585 — 1/2) = —3.22x 1077 A. 
(d) Since both the current and the emf are negative the product is positive and the generator is 
supplying energy to the circuit. 
E37-6 R= (wL—1/omegaC)/tan¢ and w = 27 f = 27(941/s) = 5910 rad/s , so 


(5910 rad /s)(88.3 x 10-3H) — 1/(5910 rad/s) (937 x 10-°F) 


R => 
tan(75°) 


= 91.50. 


E37-7 


E37-8 (a) Xz doesn’t change, so X; = 872. 
(b) Xo = 1/wC = 1/27(60/s)(70 x 10~°F) = 37.99. 
(c) Z = \/(160 2)? + (87 — 37.90)? = 1670. 
(d) im = (36 V)/(167 2) = 0.216 A. 
(e) tan d = (879 — 37.99) /(160Q) = 0.3069, so 


@ = arctan(0.3069) = 17°. 


E37-9| A circuit is considered inductive if X; > Xc, this happens when iy, lags Ey. If, on the 
other hand, Xz; < Xe, and i leads Ey, we refer to the circuit as capacitive. This is discussed on 
page 850, although it is slightly hidden in the text of column one. 

(a) At resonance, X;, = Xc. Since X_, =wL and Xc = 1/wC we expect that Xz, grows with 
increasing frequency, while Xc decreases with increasing frequency. 

Consequently, at frequencies above the resonant frequency X; > Xc and the circuit is predomi- 
nantly inductive. But what does this really mean? It means that the inductor plays a major role in 
the current through the circuit while the capacitor plays a minor role. The more inductive a circuit 
is, the less significant any capacitance is on the behavior of the circuit. 

For frequencies below the resonant frequency the reverse is true. 

(b) Right at the resonant frequency the inductive effects are exactly canceled by the capacitive 
effects. The impedance is equal to the resistance, and it is (almost) as if neither the capacitor or 
inductor are even in the circuit. 


E37-10 The net y component is Xc — X,. The net « component is R. The magnitude of the 
resultant is 


Za=1/P2+(Xo-— Xz), 


while the phase angle is 
—(Xc — Xz) 
t => ——_——__.. 
an@ R 


E37-11 Yes. 
At resonance w = 1/,/(1.2H)(1.3x10-6F) = 800 rad/s and Z = R. Then im = €/Z = 
(10 V)/(9.6Q) = 1.04 A, so 


[AVi]m = imXz = (1.08 A)(800 rad/s) (1.2H) = 1000 V. 
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E37-12 (a) Let O= X, — Xc and A= R, then H? = A? + O? = Z?, so 
sind = (X, — Xc)/Z 


and 
cos ¢ = R/Z. 


E37-13| (a) The voltage across the generator is the generator emf, so when it is a maximum from 
Sample Problem 37-3, it is 36 V. This corresponds to wt = 7/2. 

(b) The current through the circuit is given by 7 = i, sin(wt — ¢). We found in Sample Problem 
37-3 that im = 0.196 A and ¢ = —29.4° = 0.513 rad. 

For a resistive load we apply Eq. 37-3, 


AVp = imRsin(wt — ¢) = (0.196 A)(1609) sin((7/2) — (—0.513)) = 27.3V. 
(c) For a capacitive load we apply Eq. 37-12, 
AVo = imXc sin(wt — ¢ — 7/2) = (0.196 A)(1772) sin(—(—0.513)) = 17.0 V. 


(d) For an inductive load we apply Eq. 37-7, 
AV, = imXz sin(wt — ¢ + 7/2) = (0.196 A)(872) sin(m — (—0.513)) = 8.4. 
(e) (27.3 V) + (17.0 V) + (—8.4V) = 35.9V. 


E37-14 If circuit 1 and 2 have the same resonant frequency then [,C, = L2C2. The series 


combination for the inductors is 
L = Ty + La, 


The series combination for the capacitors is 
1/C 4 1/Cy + 1/C2, 


os COG, < TOO HEG, 
Ci +Co 7 Ci +C 


which is the same as both circuit 1 and 2. 


LC = (Ly; + L) = 11Ci, 


E37-15 (a) Z = (125 V)/(3.20 A) = 39.1. 
(b) Let O= X, — Xo and A= R, then H? = A? + O? = Z?, so 


cos ¢ = R/Z. 


Using this relation, 
R= (39.1 Q) cos(56.3°) = 21.70. 


(c) If the current leads the emf then the circuit is capacitive. 


E37-16 (a) Integrating over a single cycle, 


eo 1 1 
al sin‘ wtdt = TI, 2 (1 — cos 2wt) dt, 
1 1 
2T 2 
(b) Integrating over a single cycle, 
Lit < ae po ee 
= sinwtcoswtdt = = — sin 2wtdt, 
T Jo T Jy 2 
= 0. 


E37-17| The resistance would be given by Eq. 37-32, 


Pay  (0.10)(746 W) 
HS Te. (enue 


This would not be the same as the direct current resistance of the coils of a stopped motor, because 
there would be no inductive effects. 


E37-18 Since tims = Erms/Z, then 


2. 
Pay =1 rmsft = 


E37-19 (a) Z = \/(1602)? + (1772)? = 239; then 


1 (36 V)2(160.Q) 
Pee a ew 
2 (2399)2 


(b) Z = (600)? + (870)? = 1822; then 


(36 V)2(160.Q) 


1 
fee ccc ae 
2 (1829)? 


= 3.13 W. 


(b) Pay = 


E37-21| The rms value of any sinusoidal quantity is related to the maximum value by V2 vrms = 


Umax. Since this factor of J/2 appears in all of the expressions, we can conclude that if the rms values 
are equal then so are the maximum values. This means that 


(AVR) max = (AVc) max TS (AVL) max 
Or imR = imXc = imXz or, with one last simplification, R= X;, = Xc. Focus on the right hand 


side of the last equality. If Xo = X, then we have a resonance condition, and the impedance (see 
Eq. 37-20) is a minimum, and is equal to R. Then, according to Eq. 37-21, 


which has the immediate consequence that the rms voltage across the resistor is the same as the 
rms voltage across the generator. So everything is 100 V. 


E37-22 (a) The antenna is “in-tune” when the impedance is a minimum, or w = 1// LC. So 


f =w/2m = 1/2nv/(8.22 10-°H) (0.270 x 10-!2F) = 1.07 x 108Hz. 


(b) irms = (9.13 wV)/(74.7Q) = 1.22 10-7A. 
(c) Xc = 1/27 fC, so 


Vo =iXe = (1.22x107-7A)/27(1.07 x 10°Hz)(0.270 x 107 !?F) = 6.72 10~*V. 
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E37-23 Assuming no inductors or capacitors in the circuit, then the circuit effectively behaves as 
a DC circuit. The current through the circuit is 1 = €/(r + R). The power delivered to R is then 
P=idV =??R= €?R/(r+ R)?. Evaluate dP/dR and set it equal to zero to find the maximum. 
Then 
pO erga TO R 

dR (r+ R)8’ 
which has the solution r = R. 


E37-24 (a) Since Pay = im?R/2 = Em?R/2Z?, then Pay is a maximum when Z is a minimum, and 
vise-versa. Z is a minimum at resonance, when Z = R and f = 1/2nVLC. When Z is a minimum 
C = 1/4n? f?L = 1/4n?(60 Hz)?(60 mH) = 1.2x10~'F. 


(b) Z is a maximum when Xc is a maximum, which occurs when C is very small, like zero. 
(c) When Xo is a maximum P = 0. When P is a maximum Z = R so 


P = (30 V)?/2(5.0Q) = 90 W. 
(d) The phase angle is zero for resonance; it is 90° for infinite X¢ or Xp. 


(e) The power factor is zero for a system which has no power. The power factor is one for a 
system in resonance. 


E37-25| (a) The resistance is R = 15.09. The inductive reactance is 
1 1 

~ wC 27n(550s—!)(4.72uF) 

The inductive reactance is given by 


X, =wL = 2n(550s~!)(25.3 mH) = 87.40. 


Xo = 61.32. 


The impedance is then 


Z= (15.0 Q)? + ((87.4Q) — (61.3Q))? = 30.19. 


Finally, the rms current is 


. Erms (75.0) 
rms — = = 2.49 A. 
: Z ~ (30.12) : 


(b) The rms voltages between any two points is given by 
(AV) rms = rms Z, 


where Z is not the impedance of the circuit but instead the impedance between the two points in 
question. When only one device is between the two points the impedance is equal to the reactance 
(or resistance) of that device. 

We’re not going to show all of the work here, but we will put together a nice table for you 


Points | Impedance Expression Impedance Value (AV)yms, 
ab Z=R Z= 15.02 B74 V, 
be TAN. Z = 61.30 153 V, 
cd Z=Xz Z = 87.40 218 V, 
bd Zl Xe Z = 26.12 65 V, 
ac Z= R2 + XZ Z = 638.10 157 V, 


Note that this last one was AV,., and not AVgqg, because it is more entertaining. You probably 
should use AV,q for your homework. 
(c) The average power dissipated from a capacitor or inductor is zero; that of the resistor is 


Pr = [(AVr)rms|?/R = (37.4 V)?7/(15.0) = 93.3 W. 
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E37-26 (a) The energy stored in the capacitor is a function of the charge on the capacitor; although 
the charge does vary with time it varies periodically and at the end of the cycle has returned to the 
original values. As such, the energy stored in the capacitor doesn’t change from one period to the 
next. 

(b) The energy stored in the inductor is a function of the current in the inductor; although the 
current does vary with time it varies periodically and at the end of the cycle has returned to the 
original values. As such, the energy stored in the inductor doesn’t change from one period to the 
next. 

(c) P = €1 = Enim sin(wt) sin(wt — ¢), so the energy generated in one cycle is 


T T 
UY = | Pdt= Emin [ sin(wt) sin(wt — )dt, 
0 0 


T 
- Emin f sin(wt) sin(wt — )dt, 
0 


T 
= zemim cos @. 


(d) P = im?Rsin?(wt — ), so the energy dissipated in one cycle is 
T T 
ies | Pdt= in? Rf sin? (wt — ¢)dt, 
0 0 


T 
in? f sin? (wt — @)dt, 
0 
T 


(e) Since cos¢ = R/Z and Em/Z = im we can equate the answers for (c) and (d). 


E37-27| Apply Eq. 37-41, 


Ns (780) 3 
AV,=A =(1 ——~ =1.8x1 : 
V Yen, (150 V) (65) 8x10°V 
E37-28 (a) Apply Eq. 37-41, 
Ns (10) 
AV,=A = (12 =2.4V. 
V Ven, (120 V) 500) V 
(b) is = (2.4V)/(15 9) = 0.16 A; 
ei NS (10) = 
ip = ty N, (0.16 A) 500) 3.2 10 


E37-29| The autotransformer could have a primary connected between taps T; and T2 (200 turns), 
T, and T3 (1000 turns), and T and T3 (800 turns). 

The same possibilities are true for the secondary connections. Ignoring the one-to-one connections 
there are 6 choices— three are step up, and three are step down. The step up ratios are 1000/200 = 5, 
800/200 = 4, and 1000/800 = 1.25. The step down ratios are the reciprocals of these three values. 
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E37-30 p= (1.69x10-8Q- m)[1 — (4.3x10-3/C?) (14.6°C)] = 1.58 10-82: m. The resistance of 


the two wires is 
pL | (1.58 x 10-8 - m)2(1.2 x 103m) 


a m(0.9 x 10-3m)? 
P=??R = (3.8 A)?(14.9Q) = 220 W. 


k= = 14.90. 


E37-31 The supply current is 
ip = (0.270 A) (74x 10°V//2)/(220V) = 64.2 A. 
The potential drop across the supply lines is 
AV = (64.2 A)(0.629) = 40V. 


This is the amount by which the supply voltage must be increased. 


E37-32 Use Eq. 37-46: 


N»/Ns = (1000 9)/(102) = 10. 


P37-1 (a) The emf is a maximum when wt — 7/4 = 7/2, so t = 3m/4w = 37/4(350 rad/s) = 
6.73 x 1073s. 
(b) The current is a maximum when wt — 37/4 = 1/2, so t = 57/4w = 52/4(350 rad/s) = 
1121073 
(c) The current lags the emf, so the circuit contains an inductor. 
(d) Xr, = Em/im and Xr, = wL, so 
Em (31.4V) 


imw (0.622 A)(350 rad/s) 


P37-2 (a) The emf is a maximum when wt — 7/4 = 7/2, so t = 3n/4w = 32/4(350 rad/s) = 
6.73 x 1073s. 
(b) The current is a maximum when wt+7/4 = 7/2, sot = 7/4w = 7/4(350 rad/s) = 2.24x10~3s. 
(c) The current leads the emf, so the circuit contains an capacitor. 
(d) Xc = Em/im and Xc = 1/wC, so 
Vir (0.622 A) 


Os GifviGso reds. 


P37-3] (a) Since the maximum values for the voltages across the individual devices are propor- 
tional to the reactances (or resistances) for devices in series (the constant of proportionality is the 
maximum current), we have X;, = 2R and Xc = R. 

From Eq. 37-18, 


Nes. OR 
tan¢d = a7 c= wet, 


or @ = 45°. 
(b) The impedance of the circuit, in terms of the resistive element, is 


Z=V/R?4+(X, —Xc)? = VR? + (2R— RR)? = V2. 


But Em =imZ, so Z = (34.4 V)/(0.320 A) = 108Q. Then we can use our previous work to finds that 
R= 760. 
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P37-4 When the switch is open the circuit is an DRC circuit. In position 1 the circuit is an RDC 
circuit, but the capacitance is equal to the two capacitors of C' in parallel, or 2C. In position 2 the 
circuit is a simple LC circuit with no resistance. 

The impedance when the switch is in position 2 is Z2 = |wLZL—1/wC|. But 


Zz = (170 V)/(2.82 A) = 60.30. 
The phase angle when the switch is open is ¢9 = 20°. But 


L-1l\fwl Z 
anno ale =F 


so R = (60.3Q)/tan(20°) = 166. 
The phase angle when the switch is in position 1 is 


wl —1/w2C 
R - 
so wL — 1/w2C = (166Q) tan(10°) = 29.29. Equating the wL part, 


tan On = 


(29.20) +1/w2C = (-60.39)+1/wC, 
C = 1/2(377 rad/s)[(60.3Q) + (29.2Q)] = 1.48x107-°F. 


Finally, 
(—60.3Q) + 1/(377 rad/s) (1.48 x 10~°F) 


(377 rad/s) as 


P37-5| All three wires have emfs which vary sinusoidally in time; if we choose any two wires the 
phase difference will have an absolute value of 120°. We can then choose any two wires and expect 
(by symmetry) to get the same result. We choose 1 and 2. The potential difference is then 


V, — Vo = Vm (sinwt — sin(wt — 120°)). 


We need to add these two sine functions to get just one. We use 


1 1 
sina — sin = 2sin >(a 8) cos =(a + (3). 
Then 


1 1 
Vi-Va = 2Vmsin 5(120°) cos 5 (2ut — 120°), 


3 

= 2V mE) cos(wt — 60°), 
= V3Vmsin(wt + 30°). 

P37-6 (a) cos¢ = cos(—42°) = 0.74. 

(b) The current leads. 
) The circuit is capacitive. 
d) No. Resonance circuits have a power factor of one. 
) 


(c 
( 
(e) There must be at least a capacitor and a resistor. 
(f) P = (75 V)(1.2 A)(0.74) /2 = 33 W. 
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P37-7 (a) w = 1/VLC = 1/,\/(0.988 H)(19.3x 10-§F) = 229 rad/s. 

(b) im = (31.3 V)/(5.129) = 6.11 A. 

(c) The current amplitude will be halved when the impedance is doubled, or when Z = 2R. This 
occurs when 3R? = (wl —1/wC)?, or 


SR wu? StL? — Qu? L/O+1/C%. 


The solution to this quadratic is 


ce 2L + 3CR? + /9C?R4 + 12CR2L 
fe 21°C ‘ 


so wy = 224.6 rad/s and we = 233.5 rad/s. 
(d) Aw/w = (8.9 rad/s) /(229 rad/s) = 0.039. 


P37-8 (a) The current amplitude will be halved when the impedance is doubled, or when Z = 2R. 
This occurs when 3R? = (wL — 1/wC)?, or 


Bw" Sw I? = tu? L/O 41/0". 


The solution to this quadratic is 


9 2L+3CR? + V9C?RF 4 120R7L 
oo ILC 


Note that Aw = w, — w_; with a wee bit of algebra, 


Also, w, + w_ & 2w. Hence, 


J9C2R4 + 12CR2L 
2L7C , 
w*RV9C? R? + 12LC 
2L , 
wRV9w2C? R2 + 12 
21 , 
Aw 7 RV/9CR?/L +12 
Ww 2Lw : 
V3R 
weL 


assuming that CR? « 4L/3. 
P37-9 


P37-10 Use Eq. 37-46. 


P37-11)| (a) The resistance of this bulb is 


AV) Gav? 
P ~~ (1000W) ~ oe 
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The power is directly related to the brightness; if the bulb is to be varied in brightness by a factor of 
5 then it would have a minimum power of 200 W. The rms current through the bulb at this power 
would be 


irms = / P/R = \/(200 W)/(14.49) = 3.73 A. 
The impedance of the circuit must have been 


Evms  (120V) 
ime GA 


The inductive reactance would then be 


X, = V2? — R2 = \/(32.20)? — (14.40)? = 28.80. 
Finally, the inductance would be 
L= X,/w = (28.8Q)/(27(60.0s~')) = 7.64H. 
(b) One could use a variable resistor, and since it would be in series with the lamp a value of 
32.20 — 14.40 = 17.80 


would work. But the resistor would get hot, while on average there is no power radiated from a pure 
inductor. 
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E38-1 The maximum value occurs where r = R; there Bnax = Sp0e0R dE/dt. For r < R Bis 
half of Bnax when r = R/2. For r > R B is half of Byax when r = 2R. Then the two values of r 
are 2.5 cm and 10.0 cm. 


E38-2 For a parallel plate capacitor FE = a/e9 and the flux is then ®g = cA/€9 = g/e€p. Then 


d dV 
ae Ga a 


la = €0 


E38-3]| Use the results of Exercise 2, and change the potential difference across the plates of the 
capacitor at a rate 


dV ig (1.0mA) 
dt CC (1.0yF) rs 


Provide a constant current to the capacitor 


. dQ ed dV, 
aoe an ee 


E38-4 Since £ is uniform between the plates ®g = EA, regardless of the size of the region of 
interest. Since ja = 7a/A, 
iq 1 d®p dE 


ie, Say Va aie | amr a 


E38-5 (a) In this case ig =i = 1.84A. 
(b) Since E = q/e9A, dE /dt = i/e A, or 


dE/dt = (1.84 A)/(8.85 x 107'°F /m) (1.22 m)? = 1.40x10!'V/m. 


(c) ig = €9d®z/dt = egadE /dt. a here refers to the area of the smaller square. Combine this 
with the results of part (b) and 


iq = ia/A = (1.84 A)(0.61 m/1.22 m)? = 0.46 A. 


(d) $B - dS = pigia = (4m x 10-7H/m) (0.46 A) = 5.78x 10-7T - m. 


E38-6 Substitute Eq. 38-8 into the results obtained in Sample Problem 38-1. Outside the capacitor 
®, = 7R’E, so 

Lio e97R2dE po. 

2nr dt - Qnr in 

Inside the capacitor the enclosed flux is ®g = mr?E; but we want instead to define ig in terms of 
the total ®g inside the capacitor as was done above. Consequently, inside the conductor 


B= 


Lor ent R°dE Lor . 
fet = Ud. 
IR? dt Ink? 4 


E38-7| Since the electric field is uniform in the area and perpendicular to the surface area we 


have 
bp= [B-dd= [eae fdd= ea, 


The displacement current is then 


dE 


ig= Ae = (8.85 x 107 °F /m)(1.9 m’) a 
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(a) In the first region the electric field decreases by 0.2 MV/m in 4ys, so 


ae —12 2 (—0.2 x 10°V/m) _ 
ia = (8.85 x 107 F/m)(1.9m?) gy = 0.8 A. 


(b) The electric field is constant so there is no change in the electric flux, and hence there is no 
displacement current. 
(c) In the last region the electric field decreases by 0.4 MV/m in 5ys, so 


BA Faas 2) 2 (—0.4x 10°V/m) = 
ia = (8.851077 F /m) (1.9m?) go = 1A, 


E38-8 (a) Because of the circular symmetry $ B - dS = 2nrB, where r is the distance from the 
center of the circular plates. Not only that, but ig = j4A = mr?jq. Equate these two expressions, 


and 
B = porja/2 = (4m x 10~7H/m) (0.053 m)(1.87 x 10'A/m)/2 = 6.23x10~"T. 


(b) dE/dt = ia/eoA = ja/€o = (1.87 10!A/m)/(8.85 x 10-!2F/m) = 2.11x10-!2V/m. 


E38-9 The magnitude of F is given by 
(162 V) 


E = —————~ sin 27(60/s)t; 
Gem 
Using the results from Sample Problem 38-1, 
oa, = Loco R dE 
2 dt |, 
4n x 107-°H : 10-1*F 0321 162 
= (4x x 10 /m)(8.85 x 10 /m)(0.03 ™) (60/8) (162 V) ; 
2 (4.8 x 10-3m) 
= Qo, 


E38-10 (a) Eq. 33-13 from page 764 and Eq. 33-34 from page 762. 
(b) Eq. 27-11 from page 618 and the equation from Ex. 27-25 on page 630. 
(c) The equations from Ex. 38-6 on page 876. 

(d) Eqs. 34-16 and 34-17 from page 785. 


E38-11]| (a) Consider the path abefa. The closed line integral consists of two parts: b > e and 
e— f—a—b. Then 


can be written as 


Now consider the path bcdeb. The closed line integral consists of two parts: b ~ c— d— e and 
e— b. Then 


can be written as 


7 . d 
B-as+ | E - dS = ——® pede. 
a e—b dt 


These two expressions can be added together, and since 


we get 


> =, > = d 
/ B-as+ | E - ds = —— (®aver + Pocde) « 
e—> fab b-c—d-e dt 


The left hand side of this is just the line integral over the closed path efadcde; the right hand side 
is the net change in flux through the two surfaces. Then we can simplify this expression as 


= d® 
E- ds = ——. 
f > ae 
(b) Do everything above again, except substitute B for E. 


(c) If the equations were not self consistent we would arrive at different values of EF and B 
depending on how we defined our surfaces. This multi-valued result would be quite unphysical. 


E38-12 (a) Consider the part on the left. It has a shared surface s, and the other surfaces 1. 


Applying Eq. I, 
ajo= fB-dk= [B-ak+ [aA 
s l 


Note that dA is directed to the right on the shared surface. 
Consider the part on the right. It has a shared surface s, and the other surfaces r. Applying Eq. 


wfeo= $B-dd= [B-dk+ [Bad 


Note that dA is directed to the left on the shared surface. 
Adding these two expressions will result in a canceling out of the part 


[bak 


since one is oriented opposite the other. We are left with 


bra [Bad+ [Bak = JB aA. 
r I 


€0 


I 


y] 


E38-13 


E38-14 (a) Electric dipole is because the charges are separating like an electric dipole. Magnetic 
dipole because the current loop acts like a magnetic dipole. 


E38-15] A series LC circuit will oscillate naturally at a frequency 


1 
27V/ LC 


We will need to combine this with v = fA, where v = c is the speed of EM waves. 
We want to know the inductance required to produce an EM wave of wavelength \ = 550x107°m, 
so 


WwW 
f=5= 


oe AP, (550 x 10-°m)? 
~— 4n2e2C —-An?(3.00 x 108m/s)2(17 x 10-12 F) 


This is a small inductance! 


= 5.01 x 1077! H. 
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E38-16 (a) B = E/c, and B must be pointing in the negative y direction in order that the wave 
be propagating in the positive x direction. Then B, = B, = 0, and 


By = —Ez/¢ = —(2.34x 107*V/m)/(3.00 x 108m/s) = (—7.80 x 10713T) sin k(x — ct). 


(b) \ = 2n/k = 2n/(9.72x 10°/m) = 6.46 10-7m. 


E38-17| The electric and magnetic field of an electromagnetic wave are related by Eqs. 38-15 
and 38-16, 


eB (321yV /m) 


=—= = 1.07 pT. 
c (3.00 x 108m/s) y 
E38-18 ‘Take the partial of Eq. 38-14 with respect to a, 
O OE 0 OB 
Ox Ox Ox Ot’ 
OE x o?B 
0x2 «OE 
Take the partial of Eq. 38-17 with respect to f, 
See? at, See 
Ot dx BE AE” 
GB OE 
didn NO BR” 
Equate, and let fige9 = 1/c?, then 
CE 1078 
Ox? 2. Ot? 


Repeat, except now take the partial of Eq. 38-14 with respect to t, and then take the partial of Eq. 
38-17 with respect to x. 


E38-19 (a) Since sin(ka — wt) is of the form f(ka + wt), then we only need do part (b). 
(b) The constant E,, drops out of the wave equation, so we need only concern ourselves with 
f(kx + wt). Letting g = ka ut, 


ort 20°f 
a Ox? 
a7 (09? _ aS (00? 
Og? \ ot 7 Og? \du] ? 
ag 29 
Ot Oar’ 
w = ck. 


E38-20 Use the right hand rule. 
E38-21 U = Pt = (100x10!2W)(1.0x10~°s) = 1.0 10°J. 


E38-22 EF = Bc = (28x10~-°T)(3.0x 108m/s) = 8.4V/m. It is in the positive x direction. 
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E38-23] Intensity is given by Eq. 38-28, which is simply an expression of power divided by surface 
area. To find the intensity of the TV signal at a-Centauri we need to find the distance in meters; 


r = (4.30 light-years) (3.00 x 10° m/s)(3.15 x 10’ s/year) = 4.06 x 10'6 m. 
The intensity of the signal when it has arrived at out nearest neighbor is then 


P (960 kW) —29 2 
nr? 4n(4.06 x 10! m)2 ie a 


E38-24 (a) From Eq. 38-22, S = cB?/po. B = By sinwt. The time average is defined as 


1, fe Be pe Brn? 
zf Sam = | cos? wt dt = © . 
T Jo Hol Jo 2/0 


(b) Say = (3.0x 108m/s)(1.0x 10-4T)2/2(4m x 10-7H/m) = 1.2x10°W/m?2. 


E38-25 I= P/4rr?, so 


r= V/P/4nI = \/(1.0x108W) /42(130 W/m?) = 0.78 m. 


E38-26 ug = e9E?/2 = eo(cB)?/2 = B?/2uo = up. 


E38-27| (a) Intensity is related to distance by Eq. 38-28. If r; is the original distance from the 
street lamp and J; the intensity at that distance, then 


P 


—. 2 é 
4nry 


qi 


There is a similar expression for the closer distance rg = rj —162 m and the intensity at that distance 
Iz = 1.501,. We can combine the two expression for intensity, 


i ASO, 
Ee = 1.50 = 

Anr2 = Arr??? 
a cae AOS: 


ry = v1.50(r; — 162m). 


The last line is easy enough to solve and we find r; = 883 m. 
(b) No, we can’t find the power output from the lamp, because we were never provided with an 
absolute intensity reference. 


E38-28 (a) Em = V2wuocl, so 


Em = /2(4n x 10-7H/m) (3.00 x 108m/s) (1.38 x 103W/m?2) = 1.02x 10°V/m. 


(b) Bm = Em/c = (1.02 10?V/m) /(3.00x 108m/s) = 3.40 10-7. 
E38-29 (a) Bm = Em/c = (1.96 V/m)/(3.00 x 108m/s) = 6.53x 10-9T. 


(b) I = Em?/2poc = (1.96 V)?/2(4 x 10-7H/m) (3.00 x 108m/s) = 5.10 x 10-3W/m?. 
(c) P = 4nr?I = 4n(11.2m)?(5.10x 10-3W/m?) = 8.04 W. 
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E38-30 (a) The intensity is 


P_ (1x107*W) 
A 4n(6.37x 10m)? 


T= = 1.96107?" W/m’. 


The power received by the Arecibo antenna is 
P =IA= (1.96 x 10~?”W/m?)7(305 m)?/4 = 1.4x 107” W. 
(b) The power of the transmitter at the center of the galaxy would be 


P =IA = (1.96 x 107?’ W)1(2.3 x 10*ly)?(9.46 x 10!°m/ly)? = 2.9x 1074W. 


E38-31]| (a) The electric field amplitude is related to the intensity by Eq. 38-26, 


E?2 
7 Qpoc’ 


or 


Em = \/2uocl = \/2(4r x 10-7H/m) (3.00 x 108m/s) (7.837W /m2) = 7.68 x 107-7 V/m. 
(b) The magnetic field amplitude is given by 


—2 
p, = Em = (768X105? V/m) og. iq i0ep 
c (3.00 x 108m/s) 


(c) The power radiated by the transmitter can be found from Eq. 38-28, 


P = 4rr?I = 4n(11.3 km)?(7.83uW/m?) = 12.6 kW. 


E38-32 (a) The power incident on (and then reflected by) the target craft is P,) = [A = Py A/2rr?. 
The intensity of the reflected beam is Iz = P,/2mr? = Py A/4r?r*. Then 


Ip = (183 x 10°W) (0.222 m?) /4?(88.2 x 10°m)* = 1.70x 10717 W/m?. 


(b) Use Eq. 38-26: 


Em = \/2uocl = \/2(42 x 10-7H/m) (3.00 x 108m/s) (1.70 x 10-17 W/m?) = 1.13x 1077 V/m. 


(c) Bims = Em/V2e = (1.13x 10-7 V/m)/vV/2(3.00 x 108m/s) = 2.66 x 10-!6T, 


E38-33] Radiation pressure for absorption is given by Eq. 38-34, but we need to find the energy 
absorbed before we can apply that. We are given an intensity, a surface area, and a time, so 


AU = (1.1 103W/m?)(1.3m?)(9.0 x 10°s) = 1.3 10"J. 
The momentum delivered is 


p = (AU)/c = (1.3x10"J) /(3.00 x 108m/s) = 4.3x 10~7kg - m/s. 


E38-34 (a) F/A =I/c = (1.38 10®W/m?)/(3.00 x 108m/s) = 4.60 x 107~®Pa. 
(b) (4.60 x 10-®Pa) /(101 x 10°Pa) = 4.55 x 10-!!. 


E38-35  F/A = 2P/Ac = 2(1.5x109W) /(1.3x 10~®m?)(3.0 x 108m/s) = 7.7x 10®Pa. 
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E38-36 F/A= P/4rr?c, so 
F/A = (500 W) /4x(1.50 m)?(3.00 x 10°m/s) = 5.89 x 107 Pa. 
E38-37 (a) F =IA/c, so 


(1.38 10°W /m2)7(6.37 x 106m)? : 
R= = 5.86 108N, 
(3.00 108m/s) SBOE 


E38-38 (a) Assuming MKSA, the units are 


mFV WN mC VsN _ Ns 


smmAm  sVmmCm_ m?s° 


(b) Assuming MKSA, the units are 


AVN AION 1d. J 
NmAm NCmAm smm_ ms 


E38-39| We can treat the object as having two surfaces, one completely reflecting and the other 
completely absorbing. If the entire surface has an area A then the absorbing part has an area fA 
while the reflecting part has area (1 — f)A. The average force is then the sum of the force on each 
part, 


I 21 
Pay = —~fA+ (= FA; 
Cc Cc 
which can be written in terms of pressure as 
Fa I 
= -(2—f). 
a = 22-f) 


E38-40 We can treat the object as having two surfaces, one completely reflecting and the other 
completely absorbing. If the entire surface has an area A then the absorbing part has an area fA 
while the reflecting part has area (1 — f)A. The average force is then the sum of the force on each 
part, 


I 21 
Pay = —fA+ —(1— f)A, 
Cc Cc 
which can be written in terms of pressure as 
ne & 
= —-(2-—f). 
a = 22-7) 


The intensity J is that of the incident beam; the reflected beam will have an intensity (1 — f)I. 
Each beam will contribute to the energy density— I/c and (1 — f)I/c, respectively. Add these two 
energy densities to get the net energy density outside the surface. The result is (2— f)I/c, which is 
the left hand side of the pressure relation above. 


E38-41 The bullet density is p = Nm/V. Let V = Ah; the kinetic energy density is K/V = 
3Nmv?/Ah. h/v, however, is the time taken for N balls to strike the surface, so that 


pak _Nmv_ Nm? _ 2K 
“A At Ah V- 
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E38-42 F = IA/c; P= IA; a= F/m; and v = at. Combine: 
v = Pt/mc = (10x 10®W) (86400 s) /(1500 kg)(3 x 10°m/s) = 1.9x10~°m/s. 


E38-43 The force of radiation on the bottom of the cylinder is F = 21A/c. The force of gravity 
on the cylinder is 
W = mg = pHAg. 
Equating, 21/c = pHg. The intensity of the beam is given by I = 4P/rd?. Solving for H, 
8P 8(4.6 W) 


mcepgd? —- (3.0 108m /s) (1200 kg/m?)(9.8 m/s?)(2.6 x 10-3m)? nce 


E38-44 F = 2IA/c. The value for J is in Ex. 38-37, among other places. Then 

F = (1.38 x 10°W /m?)(3.1 x 10°m?) /(3.00 x 10°m/s) = 29. 
P38-1 For the two outer circles use Eq. 33-13. For the inner circle use E = V/d, Q = CV, 
C = «@A/d, and i = dQ/dt. Then 


. dQ &AdV | Age 
ee eee i aa 
The change in flux is d®z/dt = AdE/dt. Then 


> > d® : 
$5. d= poco = pot 


so B = poi/2rr. 


P38-2 (a) ig =i. Assuming AV = (174x10°V) sinwt, then g = CAV and i = dq/dt = Cd(AV) /dt. 
Combine, and use w = 27(50.0/s), 


ia = (100 x 107 1?F)(174 x 10°V)27(50.0/s) = 5.47x 107%A. 


P38-3 (a) i= ig =7.63pA. 
(b) d®g/dt = ig/eo = (7.63A)/(8.85 x 10-12F /m) = 8.62 10°V/m. 
(c) t = dq/dt = Cd(AV)/dt; C = e9 A/d; [d(AV) /dt]m = Emw. Combine, and 


cA _ eoAEmw _ (8.85107 F /m)m(0.182 m)?(225 V)(128 rad/s) 


= = 3.48 x107?m. 
C i (7.63) pean 


d= 


P38-4 (a) q= fidt=aftdt=at?/2. 
(b) FE =o0/e9 = q/eoA = at? /27 Re. 
(d) 27rB = poeonr?dE /dt, so 


B = wor(dE/dt)/2 = poart/27R?. 


(e) Check Exercise 38-10! 


P38-5 (a) E = Ej and B = Bk. Then S = E x B/po, or 
S = —EB/mug i. 


Energy only passes through the yz faces; it goes in one face and out the other. The rate is P = 
SA = EBa?/muo. 
(b) The net change is zero. 
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P38-6 (a) For a sinusoidal time dependence |dE/dt|m = wEm = 27fEm. Then 
|\dE/dt|m = 20(2.4x 10°/s)(13 x 10°V/m) = 1.96x10*V/m-s. 


(b) Using the result of part (b) of Sample Problem 38-1, 


i i 
pS 5 (4m x 10~7H/m)(8.9x 107 !2F /m) (2.4 10~*m) 5 (1.96 R10 Vi nis) LS S10 Tr, 


P38-7| Look back to Chapter 14 for a discussion on the elliptic orbit. On page 312 it is pointed 
out that the closest distance to the sun is R, = a(1—e) while the farthest distance is R, = a(1+e), 
where a is the semi-major axis and e the eccentricity. 

The fractional variation in intensity is 


AI ad 
T fe? 


We need to expand this expression for small e using (1 + e)? © 1+ 2e, and (1—e)~? © 1+ 2e, and 
finally (1 + 2e)? © 1+ 4e. Combining, 


P38-8 The beam radius grows as r = (0.440 yrad)R, where R is the distance from the origin. The 
beam intensity is 


P (3850 W) 24 
[= = =43x1 : 
a jOMiiareRems 
P38-9| Eq. 38-14 requires 
OE | OB 
Ox Ot’ 
Emkcoskxsinwt = Bywcoskxsinwt, 
Enyk = Byw. 
Eq. 38-17 requires 
OE OB 
6— = -— 
LMoeo at ax’ 
LofoL mw sinkxcoswt = Byksink«x cosut, 
Lofp9E mw = Byk. 
Dividing one expression by the other, 
Loeok” = w*, 
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or 


Not only that, but Ey, = cB. You’ve seen an expression similar to this before, and you'll see 
expressions similar to it again. 
(b) We’ll assume that Eq. 38-21 is applicable here. Then 


1 E,B 
S = —=—*'* sinkrsinwtcos kz coswt, 
Lo Ho 


= i ™ sin 2kz sin 2Qwt 


Moc 


is the magnitude of the instantaneous Poynting vector. 
(c) The time averaged power flow across any surface is the value of 


Gef2’ Pst 22 
zf j[s-ahat 
T 0 


where T' is the period of the oscillation. We’ll just gloss over any concerns about direction, and 
assume that the $ will be constant in direction so that we will, at most, need to concern ourselves 
about a constant factor cos@. We can then deal with a scalar, instead of vector, integral, and we 
can integrate it in any order we want. We want to do the ¢ integration first, because an integral over 
sin wt for a period T = 27/w is zero. Then we are done! 

(d) There is no energy flow; the energy remains inside the container. 


P38-10 (a) The electric field is parallel to the wire and given by 
E=V/d=iR/d = (25.0 A)(1.00 2/300 m) = 8.33x107?V/m 
(b) The magnetic field is in rings around the wire. Using Eq. 33-13, 


. = 
Ba Hot _ (4m x 107 ‘H/m) (25 A) ~ 403x 10-2. 
Qrr 27 (1.24 x 10-3m) 


(c) S = EB/p, so 


S = (8.33 x 10~?V/m)(4.03 x 1073T) /(40 x 107" H/m) = 267 W/m?. 


P38-11| (a) We’ve already calculated B previously. It is 


_ bi 
2nr 


where i = e 
R 


The electric field of a long straight wire has the form EF = k/r, where k is some constant. But 


b 
av =- [#-a=- | Edr = —kin(b/a). 


In this problem the inner conductor is at the higher potential, so 


—AV € 


ie In(b/a)  In(b/a)’ 
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and then the electric field is ¢ 


rIn(b/a) 
This is also a vector field, and if € is positive the electric field points radially out from the central 
conductor. 
(b) The Poynting vector is 
§ = 8x8. 
Ho 
E is radial while B is circular, so they are perpendicular. Assuming that € is positive the direction 
of S$ is away from the battery. Switching the sign of € (connecting the battery in reverse) will flip 
the direction of both E and B, so § will pick up two negative signs and therefore still point away 
from the battery. 
The magnitude is 
EB Ee 
Lo = 22 RIn(b/a)r? 
(c) We want to evaluate a surface integral in polar coordinates and so dA = (dr)(rd@). We have 
already established that S is pointing away from the battery parallel to the central axis. Then we 


can integrate 
‘i S-dA= if SdA, 


b par 2 
= ——_—do rd 
i i: 2nRIn(b/a)r? he 
b €2 


= ————-dr 


a Rin(b/a)r 


S= 


P 


(d) Read part (b) above. 


> 


P38-12 (a) B is oriented as rings around the cylinder. If the thumb is in the direction of current 
then the fingers of the right hand grip ion the direction of the magnetic field lines. E is directed 
parallel to the wire in the direction of the current. S is found from the cross product of these two, 
and must be pointing radially inward. 

(b) The magnetic field on the surface is given by Eq. 33-13: 


B= joi /2ra. 
The electric field on the surface is given by 
BE=V/l=iR/I| 
Then S has magnitude 
i 4h. PR 
S=EB =—— = : 
/Ho 27a | 2ral 


f S-dA is only evaluated on the surface of the cylinder, not the end caps. S is everywhere parallel 


to dA, so the dot product reduces to S dA; S is uniform, so it can be brought out of the integral; 
{dA = 2zral on the surface. 
Hence, 


[s-ck=er, 


as it should. 


171 


P38-13 (a) f = vlambda = (3.00 x 108m/s)/(3.18m) = 9.43 x10" Hz. 
(b) Bmust be directed along the z axis. The magnitude is 


B = E/c= (288 V/m)/(3.00 x 10°m/s) = 9.6x10~7T. 
(c) k = 2a/Ad = 277/(3.18m) = 1.98/m while w = 27f, so 
w = 2n(9.43 x 107Hz) = 5.93 10° rad/s. 


(d) I = EmBm/2U0, so 
(288 V)(9.6 x 10-T) 
£ — — 11 . 
2(4a x 10-7H/m) aa 


(e) P =I/e = (110 W)/(3.00 x 108m/s) = 3.67x 10~7Pa. 


= 


P38-14 (a) B is oriented as rings around the cylinder. If the thumb is in the direction of current 
then the fingers of the right hand grip ion the direction of the magnetic field lines. E is directed 
parallel to the wire in the direction of the current. S is found from the cross product of these two, 
and must be pointing radially inward. 

(b) The magnitude of the electric field is 


V Q Q it 


E : 
d Cd Eo A Eo A 


The magnitude of the magnetic field on the outside of the plates is given by Sample Problem 38-1, 


= LoeoR dE = Loegit Rh a Hoel 


B a = 
2 dt 269A 2t 
S has magnitude 
ga EB _ oR yo 
Ho 2t 


Integrating, 
eo E? 
o 


[s dA = ON Bon Rd — Ad 


But F is linear in t, so d(E?)/dt = 2E?/t; and then 


ee ere ee 


P38-15 (a) I= P/A = (5.00x10-3W)/m(1.05)2(633 x 10-9m)2 = 3.6 x 10°W /m?. 
(b) p= I/c = (3.6 x 10°W/m?) /(3.00 x 10°m/s) = 12 Pa 
(c) F = pA = P/e = (5.00x 10-2 W) /(3.00x 108m/s) = 1.67x 10-UN. 
(d) a= F/m = F/pV, so 


(1.67 x 10-14N) 


= = 2.9x 103m/s?. 
“ = 4(4880 ke /m®) (1.05)3(633 x 10-9)3/3 ak 
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P38-16 The force from the sun is F = GMm/r?. The force from radiation pressure is 


pu 2A _ 2PA 


c.. 4nrc 
Equating, 
_ 4rGMm 
Pes © 
so 


Ar(6. 10714N - m?/ke?)(1. 10°°ke)(1650k 
Te 1 (6.67 x 10 m? /kg?)(1.99 x 10°°kg) (1650 kg) yao 
2(3.9 x 1026W) /(3.0 x 108m/s) 


That’s about one square kilometer. 
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E39-1 Both scales are logarithmic; choose any data point from the right hand side such as 
c= fr x (1 Hz)(3x 108m) = 3x 108m/s, 
and another from the left hand side such as 


c= fA (1x107! Hz)(3x107~°m) = 3x 108m/s. 


E39-2 (a) f = v/A\ = (3.0x 108m/s) /(1.0 x 104) (6.37 x 10°m) = 4.7x 1073 Hz. If we assume that 
this is the data transmission rate in bits per second (a generous assumption), then it would take 140 
days to download a web-page which would take only 1 second on a 56K modem! 

(b) T =1/f = 212s = 3.5 min. 


E39-3| (a) Apply v = fA. Then 


f = (3.0x108m/s)/(0.067 x 107m) = 4.5x 104 Hz. 


(b) = (3.0x 108m/s)/(30 Hz) = 1.0x 107m. 


E39-4 Don’t simply take reciprocal of linewidth! f = c/A, so 6 f = (—c/X7)5X. Ignore the negative, 
and 
Of = (3.00 x 10°m/s)(0.010 x 107 °m) /(632.8 x 10-°m)? = 7.5x 10° Hz. 


E39-5| (a) We refer to Fig. 39-6 to answer this question. The limits are approximately 520 nm 
and 620 nm. 

(b) The wavelength for which the eye is most sensitive is 550 nm. This corresponds to to a 
frequency of 


f =c/X= (3.00 x 108 m/s)/(550 x 109m) = 5.45 x 104 Hz. 
This frequency corresponds to a period of T = 1/f = 1.83 x 1071°s. 
E39-6 f =c/X. The number of complete pulses is ft, or 


ft = ct/ = (3.00 x 108m/s) (430 x 107 !”s) /(520 x 10~°m) = 2.48 x 10°. 


E39-7 (a) 2(4.34 y) = 8.68 y. 
(b) 2(2.2 108 y) = 4.4% 108 y. 


E39-8 (a) t = (150x10%m)/(3x10°m/s) = 5x 1074s. 
(b) The distance traveled by the light is (1.5 x 10!4m) + 2(3.8 x 108m), so 


t = (1.51 x 10''m)/(3x 10%m/s) = 503s. 


(c) t = 2(1.3x 10!2m)/(3 x 108m/s) = 8670s. 
(d) 1054 — 6500 = 5400 BC. 


E39-9| This is a question of how much time it takes light to travel 4 cm, because the light traveled 
from the Earth to the moon, bounced off of the reflector, and then traveled back. The time to travel 
4 cm is At = (0.04m)/(3 x 10° m/s) = 0.13 ns. Note that I interpreted the question differently than 
the answer in the back of the book. 
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E39-10 Consider any incoming ray. The path of the ray can be projected onto the xy plane, the 
xz plane, or the yz plane. If the projected rays is exactly reflected in all three cases then the three 
dimensional incoming ray will be reflected exactly reversed. But the problem is symmetric, so it is 
sufficient to show that any plane works. 

Now the problem has been reduced to Sample Problem 39-2, so we are done. 


E39-11] We will choose the mirror to lie in the ry plane at z = 0. There is no loss of generality 
in doing so; we had to define our coordinate system somehow. The choice is convenient in that 
any normal is then parallel to the z axis. Furthermore, we can arbitrarily define the incident ray 
to originate at (0,0, 21). Lastly, we can rotate the coordinate system about the z axis so that the 
reflected ray passes through the point (0, y3, 23). 

The point of reflection for this ray is somewhere on the surface of the mirror, say (x2, y2,0). This 
distance traveled from the point 1 to the reflection point 2 is 


dz = (0 — 22)? + (0— yo)? + (um —0)? = a3 +y3t af 


and the distance traveled from the reflection point 2 to the final point 3 is 


doz = /(x2 — 0)? + (yo — ys)? + (0 — 23)? = 03 + (yo — ys)? + 22. 


The only point which is free to move is the reflection point, (x2, y2,0), and that point can only 
move in the zy plane. Fermat’s principle states that the reflection point will be such to minimize 
the total distance, 


dig + dog = y/23 + y3 + 22 + 4/03 + (ye — ys)? + 23. 


We do this minimization by taking the partial derivative with respect to both x2 and y2. But 
we can do part by inspection alone. Any non-zero value of x2 can only add to the total distance, 
regardless of the value of any of the other quantities. Consequently, x2 = 0 is one of the conditions 
for minimization. 

We are done! Although you are invited to finish the minimization process, once we know that 
t2 = 0 we have that point 1, point 2, and point 3 all lie in the yz plane. The normal is parallel to 
the z axis, so it also lies in the yz plane. Everything is then in the yz plane. 


E39-12 Refer to Page 442 of Volume 1. 


E39-13 (a) 0; = 38°. 
(b) (1.58) sin(38°) = (1.22) sin 6). Then 62 = arcsin(0.797) = 52.9°. 


E39-14 ng = nysin6;/ sin 02 = (1.00) sin(32.5°)/ sin(21.0°) = 1.50. 
E39-15  n =c/v = (3.00x 108m/s)/(1.92 x 108m/s) = 1.56. 


E39-16 v= c/n = (3.00x 108m/s)/(1.46) = 2.05 x 10°m/s. 


E39-17| The speed of light in a substance with index of refraction n is given by v = c/n. An 
electron will then emit Cerenkov radiation in this particular liquid if the speed exceeds 


v = c/n = (3.00 x 10° m/s)/(1.54) = 1.95 x 10° m/s. 
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E39-18 Since t = d/v = nd/c, At = And/c. Then 
At = (1.00029 — 1.00000) (1.61 x 10m) /(3.00 x 10°m/s) = 1.56 107°s. 


E39-19| The angle of the refracted ray is 62 = 90°, the angle of the incident ray can be found by 
trigonometry, 


(1.14 m) 
pp a aaa 
a Sask 7 ae 


or 0; = 53.3°. 
We can use these two angles, along with the index of refraction of air, to find that the index of 
refraction of the liquid from Eq. 39-4, 


(sin 90°) 
(sin 53.3°) 


sin Oo 


= (1.00) = 1.25. 


ny = ne > 
sin 0; 


There are no units attached to this quantity. 


E39-20 For an equilateral prism ¢ = 60°. Then 


_ sinfth + ¢]/2 _ sin[(37°) + (60°)]/2 


sin[d/2] SS simi(60)/3]—S 


E39-21 


E39-22 t= d/v; but L/d=cos 2 = V1 —sin 6) and v = c/n. Combining, 
nL n2L (1.63)? (0.547 m) 


eV1—sin? 6. c/n? —sin? 6, (3x 108m/s) y/(1.632) — sin? (24°) 


t= = 3.07x107%s. 


E39-23 The ray of light from the top of the smokestack to the life ring is 61, where tan 6; = L/h 
with h the height and L the distance of the smokestack. 
Snell’s law gives nj sin 6; = nz sin 62, so 


6, = arcsin{(1.33) sin(27°) /(1.00)] = 37.1°. 
Then L = htan 6; = (98m) tan(37.1°) = 74m. 


E39-24 ‘The length of the shadow on the surface of the water is 
x1 = (0.64 m)/tan(55°) = 0.448 m. 


The ray of light which forms the “end” of the shadow has an angle of incidence of 35°, so the ray 
travels into the water at an angle of 


(1.00) 
(1.33 


02 = arcsin ( sin(35°) = 25.5°. 


Ww 


The ray travels an additional distance 
£2 = (2.00 m — 0.64 m)/ tan(90° — 25.5°) = 0.649 m 
The total length of the shadow is 
(0.448 m) + (0.649 m) = 1.10m. 
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E39-25| We'll rely heavily on the figure for our arguments. Let x be the distance between the 
points on the surface where the vertical ray crosses and the bent ray crosses. 


In this exercise we will take advantage of the fact that, for small angles 0, sin@ = tan@ ~ @ In 
this approximation Snell’s law takes on the particularly simple form n 6, = n262 The two angles 
here are conveniently found from the figure, 


x 
6, = tan@; = 7 
and 


6) & tan #2 = —— 
dapp 


Inserting these two angles into the simplified Snell’s law, as well as substituting n; = n and ng = 1.0, 


m0, = n292, 
x x 
ne —_ ) 
d dapp 
d d 
a oa > 
PP vi 


E39-26 (a) You need to address the issue of total internal reflection to answer this question. 
(b) Rearrange 

i 2 

re al ; Al? inf 2] 
and 6 = (w+ ¢)/2 to get 


6 = arcsin (nsin[¢/2]) = arcsin ((1.60) sin[(60°) /2]) = 53.1°. 


E39-27 Use the results of Ex. 39-35. The apparent thickness of the carbon tetrachloride layer, as 
viewed by an observer in the water, is 


dew = Nwde/Ne = (1.33)(41 mm) /(1.46) = 37.5 mm. 


The total “thickness” from the water perspective is then (37.5mm) + (20mm) = 57.5mm. The 
apparent thickness of the entire system as view from the air is then 


dapp = (57.5 mm) /(1.33) = 43.2 mm. 
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E39-28 (a) Use the results of Ex. 39-35. dapp = (2.16m)/(1.33) = 1.62 m. 
(b) Need a diagram here! 


E39-29 (a) Ay» = A/n = (612 nm)/(1.51) = 405 nm. 
(b) L = nL, = (1.51)(1.57 pm) = 2.37 pm. There is actually a typo: the “p” in “pm” was 
supposed to be a yz. This makes a huge difference for part (c)! 


E39-30 (a) f = ¢/d = (3.00 x 108m/s) /(589 nm) = 5.09 x 10!4Hz. 
(b) An = A/n = (589 nm) /(1.53) = 385 nm. 
(c) v= fA = (5.09 x 10!4Hz) (385 nm) = 1.96 x 108m/s. 


E39-31 (a) The second derivative of 


L= Va? +22 + /b? + (d—2)? 


a? (b? zs (d a eke 4 b? (a? 4 eee 
(b2 + (d — 2)?)3/2(a? + «?)3/2 


This is always a positive number, so dL/dx = 0 is a minimum. 
(a) The second derivative of 


L=nVa?4+ 2? + noV/b? + (d- 2)? 


nya? (b? 4 (d Ai ge\er2 4 nb? (a? pis g?)8/? 
(b2 + (d — 2)?)3/2 (a? + «?)3/2 


This is always a positive number, so dL/dx = 0 is a minimum. 


E39-32 (a) The angle of incidence on the face ac will be 90° — ¢. Total internal reflection occurs 
when sin(90° — ¢) > 1/n, or 


@ < 90° — aresin[1/(1.52)] = 48.9°. 
(b) Total internal reflection occurs when sin(90° — ¢) > ny,/n, or 


o < 90° — arcsin[(1.33)/(1.52)] = 29.0°. 


E39-33| (a) The critical angle is given by Eq. 39-17, 


. 4 ne . —1 (1.586) m 
a a sa = 72.07". 
sin a sin (1.667) 
(b) Critical angles only exist when “attempting” to travel from a medium of higher index of 
refraction to a medium of lower index of refraction; in this case from A to B. 


E39-34 If the fire is at the water’s edge then the light travels along the surface, entering the 
water near the fish with an angle of incidence of effectively 90°. Then the angle of refraction in 
the water is numerically equivalent to a critical angle, so the fish needs to look up at an angle of 
6 = arcsin(1/1.33) = 49° with the vertical. That’s the same as 41° with the horizontal. 
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E39-35 Light can only emerge from the water if it has an angle of incidence less than the critical 
angle, or 
6 < 0, = arcsin 1/n = arcsin 1/(1.33) = 48.8°. 


The radius of the circle of light is given by r/d = tan @,, where d is the depth. The diameter is twice 
this radius, or 
2(0.82 m) tan(48.8°) = 1.87 m. 


E39-36 The refracted angle is given by nsin 6; = sin(39°). This ray strikes the left surface with 
an angle of incidence of 90° — 6,. Total internal reflection occurs when 
sin(90° — 0,) = 1/n; 


but sin(90° — 6,) = cos 61, so we can combine and get tan @ = sin(39°) with solution 6; = 32.2°. The 
index of refraction of the glass is then 


n = sin(39°) / sin(32.2) = 1.18. 


E39-37| The light strikes the quartz-air interface from the inside; it is originally “white”, so if 
the reflected ray is to appear “bluish” (reddish) then the refracted ray should have been “reddish” 
(bluish). Since part of the light undergoes total internal reflection while the other part does not, 
then the angle of incidence must be approximately equal to the critical angle. 

(a) Look at Fig. 39-11, the index of refraction of fused quartz is given as a function of the 
wavelength. As the wavelength increases the index of refraction decreases. The critical angle is a 
function of the index of refraction; for a substance in air the critical angle is given by sin@, = 1/n. 
As n decreases 1/n increases so 6, increases. For fused quartz, then, as wavelength increases 6, also 
increases. 

In short, red light has a larger critical angle than blue light. If the angle of incidence is midway 
between the critical angle of red and the critical angle of blue, then the blue component of the light 
will experience total internal reflection while the red component will pass through as a refracted ray. 

So yes, the light can be made to appear bluish. 

(b) No, the light can’t be made to appear reddish. See above. 

(c) Choose an angle of incidence between the two critical angles as described in part (a). Using 
a value of n = 1.46 from Fig. 39-11, 


6, =sin~'(1/1.46) = 43.2°. 


Getting the effect to work will require considerable sensitivity. 


E39-38 (a) There needs to be an opaque spot in the center of each face so that no refracted ray 
emerges. The radius of the spot will be large enough to cover rays which meet the surface at less 
than the critical angle. This means tan@, = r/d, where d is the distance from the surface to the 
spot, or 6.3 mm. Since 

6. = arcsin 1/(1.52) = 41.1°, 


then r = (6.3mm) tan(41.1°) = 5.50 mm. 
(b) The circles have an area of a = 7(5.50mm)? = 95.0 mm?. Each side has an area of (12.6 mm) 
the fraction covered is then (95.0 mm?) /(12.6 mm)? = 0.598. 


2. 
’ 


E39-39 For u<c the relativistic Doppler shift simplifies to 
Af = —fou/e = —u/Xo, 
so 


u= Af = (0.211 m)AS. 
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E39-40 c= fr, so0= fAA+AAF. Then AA/A = —Af/f. Furthermore, fo — f, from Eq. 39-21, 
is fou/c for small enough u. Then 
AA f-fo 


rN fo — o 


E39-41| The Doppler theory for light gives 


fHf 1l-u/c 1 — (0.2) 
Awe \/1— (0.2) 


The frequency is shifted down to about 80%, which means the wavelength is shifted up by an 
additional 25%. Blue light (480 nm) would appear yellow/orange (585 nm). 


= 0.82 fy. 


E39-42 Use Eq. 39-20: 


- Laie. 1—(0.892) _ 7 
i= hoya = (100 Mh [=a 0002 23.9 MHz. 


E39-43 (a) If the wavelength is three times longer then the frequency is one-third, so for the 
classical Doppler shift 
fo/3 = fo(l — u/c), 
or u = 2c. 
(b) For the relativistic shift, 
l-u/c 
ao 
fo/ fo Jawa 
V1l—-w/e = 3(1-u/c), 
e-—u = Mc—1u)’, 
0 = 10u? — 18uc + 8c’. 


The solution is u = 4c/5. 
E39-44 (a) fo/f =A/Ao. This shift is small, so we apply the approximation: 


u=c (2 - 1) = (3x 10°m/s) oa - 1) = 1.9x10'm/s. 


(b) A red shift corresponds to objects moving away from us. 


E39-45| The sun rotates once every 26 days at the equator, while the radius is 7.0x 108m. The 
speed of a point on the equator is then 


2eR — 2n(7.0x 108m) 
v= = 


= = 2.0x 10? m/s. 
T (2.2 10s) Ensue 


This corresponds to a velocity parameter of 
B = u/c = (2.0x 10° m/s) /(3.0x 108 m/s) = 6.7x 107°. 
This is a case of small numbers, so we’ll use the formula that you derived in Exercise 39-40: 


AX = 8 = (553 nm) (6.7 x 107°) = 3.7x 1073 nm. 
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E39-46 Use Eq. 39-23 written as 
(1— u/c)? = 2(1 + u/c), 
which can be rearranged as 


A? — 3 _ (540 nm)? — (620 nm)? 


= = —0.137. 
2+ A2 (540 nm)? + (620 nm)? 


u/c= 


The negative sign means that you should be going toward the red light. 


E39-47 (a) fi; =cf/(c+v) and fo =cf/(c—v). 
Af=(f-f)-F-fd=fe+hi—2f, 


so 


Pra ge? 
2(8.65 x 10°m/s)? 
(3.00 x 108m/s)2 — (8.65x10°m/s)2’ 
= 16610", 
(b) fi = f(e— u)/sqrtc? — u? and fo = f(c+u)/Vc? — u?. 


Af=(h=-f-F-AaHhrh—2f, 


so 


Bf 2c 9 
f Cc — u2 ; 
2(3.00 x 10°m/s) 
/ (3.00 x 108m/s)? — (8.65 x 10°m/s)? 


= 83x107°. 


E39-48 (a) No relative motion, so every 6 minutes. 
(b) The Doppler effect at this speed is 
l1-u/e _ 1-—(0.6) =e 
Jl—u2/c2  /1 — (0.6)? a 
this means the frequency is one half, so the period is doubled to 12 minutes. 
(c) If C send the signal at the instant the signal from A passes, then the two signals travel together 
to C, so C would get B’s signals at the same rate that it gets A’s signals: every six minutes. 


E39-49 
E39-50 The transverse Doppler effect is X= Ao/\/1 — u?/c?. Then 


d = (589.00 nm)/ 1/1 — (0.122)? = 593.43 nm. 
The shift is (593.43 nm) — (589.00 nm) = 4.43 nm. 
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E39-51| The frequency observed by the detector from the first source is (Eq. 39-31) 
f=fi/1— 7172 = 0.697 f;. 
The frequency observed by the detector from the second source is (Eq. 39-30) 


1 — (0.717)? _ 0.697 fo 
1+(0.717)cos@ 1+ (0.717) cos’ 


We need to equate these and solve for 6. Then 


eee 


0.697 fo 
ek ele 1+0.717 cos 0’ 
1+0.717cos6 = fo/fi, 
cos@6 = (fo/fi — 1) /0.717, 
@ = 101.1°. 


Subtract from 180° to find the angle with the line of sight. 
E39-52 


P39-1 Consider the triangle in Fig. 39-45. The true position corresponds to the speed of light, 
the opposite side corresponds to the velocity of earth in the orbit. Then 


§ = arctan(29.8 x 10°m/s)/(3.00 x 108m/s) = 20.5”. 


P39-2 The distance to Jupiter from point x is dy =r; — re. The distance to Jupiter from point y 


1S 
d _ / r2 ry 


The difference in distance is related to the time according to 
(dg a d,)/t =C, 


sO 


V(778 x 109m)? + (150 109m)? — (778 x 10°m) + (150 x 10°m) 


= 2.7x10°m/s. 
(600s) TOS 


P39-3  sin(30°)/(4.0m/s) = sin6/(3.0m/s). Then 6 = 22°. Water waves travel more slowly in 
shallower water, which means they always bend toward the normal as they approach land. 


P39-4 (a) If the ray is normal to the water’s surface then it passes into the water undeflected. 
Once in the water the problem is identical to Sample Problem 39-2. The reflected ray in the water 
is parallel to the incident ray in the water, so it also strikes the water normal, and is transmitted 
normal. 

(b) Assume the ray strikes the water at an angle 0). It then passes into the water at an angle 
02, where 

Ny sin Og = nq sin. 

Once the ray is in the water then the problem is identical to Sample Problem 39-2. The reflected 
ray in the water is parallel to the incident ray in the water, so it also strikes the water at an angle 
62. When the ray travels back into the air it travels with an angle 03, where 


Ny sin 8g = Ng sin 63. 


Comparing the two equations yields 0, = 63, so the outgoing ray in the air is parallel to the incoming 
ray. 
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P39-5| (a) As was done in Ex. 39-25 above we use the small angle approximation of 


sinOd~@xtand 


The incident angle is 0; if the light were to go in a straight line we would expect it to strike a 
distance y, beneath the normal on the right hand side. The various distances are related to the 
angle by 

Ox tand & y,/t. 


The light, however, does not go in a straight line, it is refracted according to (the small angle 
approximation to) Snell’s law, n10, = n262, which we will simplify further by letting 0, = 0, ng =n, 
and ny = 1, 6 = n@2. The point where the refracted ray does strike is related to the angle by 
02 = tan 02 = y2/t. Combining the three expressions, 


Y1 => nNY2. 
The difference, y; — y2 is the vertical distance between the displaced ray and the original ray as 
measured on the plate glass. A little algebra yields 
y—y2 = w-y/n, 
yi (1—1/n), 
-1 
= t- 


I 


n 


The perpendicular distance z is related to this difference by 
cos 0 = x/(y1 — y2). 


In the small angle approximation cos 6 ~ 1 — 67/2. If @ is sufficiently small we can ignore the square 
term, and x & y2 — y1. 
(b) Remember to use radians and not degrees whenever the small angle approximation is applied. 


Then 
(1.52) — 1 


x = (1.0 cm)(0.175 rad) (1.52) 


= 0.060 cm. 


P39-6 (a) At the top layer, 
n, sin 6; = sin 6; 


at the next layer, 
ng sin 02 = n; sin 41; 


at the next layer, 
N3 sin 03 = ng sin 02. 


Combining all three expressions, 
n3 sin 03 = sin 0. 


(b) 63 = arcsin[sin(50°)/(1.00029)] = 49.98°. Then shift is (50°) — (49.98°) = 0.02°. 


P39-7| The “big idea” of Problem 6 is that when light travels through layers the angle that it 
makes in any layer depends only on the incident angle, the index of refraction where that incident 
angle occurs, and the index of refraction at the current point. 

That means that light which leaves the surface of the runway at 90° to the normal will make an 
angle 


M9 sin 90° = no(1 + ay) sind 
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at some height y above the runway. It is mildly entertaining to note that the value of no is unim- 
portant, only the value of a! 

The expression 

1 
1+ ay 


can be used to find the angle made by the curved path against the normal as a function of y. The 
slope of the curve at any point is given by 


siné = ~1-—ay 


dy e - _ cosé 
an tan(90° — 0) = cot 9 = Sat 


Now we need to know cos 0@. It is 
cos@ = V1 —sin? 6 = \/2ay. 


Combining —_ 

dy /2ay 

dx 1—ay’ 
and now we integrate. We will ignore the ay term in the denominator because it will always be 
small compared to 1. Then 


‘s is dy 
dx = , 
0 0 v2ay 
2h 2(1.7m) 
a \ G5x10-6m=1) — 0™ 


P39-8 The energy of a particle is given by E? = p?c*? + m?c*. This energy is related to the mass 
by E = ymc?. ¥ is related to the speed by y = 1/,/1 — u2/c?. Rearranging, 


U 
Cc 


l 
% id 
l 
% 
+)3 
= abe 
% 


Since n = c/u we can write this as 


For the pion, 


(135 MeV) \? 
=4/1 = 1.37. 
/ = (Se MeV) 
For the muon, 
(106 MeV) \” 
- = 1.24. 
ve i) a (; 145 MeV) 
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P39-9 (a) Before adding the drop of liquid project the light ray along the angle 6 so that 6 = 0. 
Increase @ slowly until total internal reflection occurs at angle 6,. Then 


ne sin; = 1 


is the equation which can be solved to find ng. 
Now put the liquid on the glass and repeat the above process until total internal reflection occurs 
at angle 62. Then 
Ng sin 82 = nN). 


Note that ng < ng for this method to work. 
(b) This is not terribly practical. 


P39-10 Let the internal angle at Q be 0g. Then nsin#g = 1, because it is a critical angle. Let 
the internal angle at P be 0p. Then 0p + 0g = 90°. Combine this with the other formula and 


1 = nsin(90 — Op) = ncos Og = ni/ 1 — sin? Op. 


Not only that, but sin@,; = nsin 6p, or 


1=nv/1 — (sin 61)?/n?, 
n= 1+sin? 4. 


(b) The largest value of the sine function is one, so Mmax = V2. 


which can be solved for n to yield 


P39-11] (a) The fraction of light energy which escapes from the water is dependent on the critical 
angle. Light radiates in all directions from the source, but only that which strikes the surface at an 
angle less than the critical angle will escape. This critical angle is 


sinO, = 1/n. 


We want to find the solid angle of the light which escapes; this is found by integrating 


Qr 0. 
Q= | / sin 6 d6 dé. 
0 0 


This is not a hard integral to do. The result is 
Q, = 2n(1 — cos 0c). 


There are 47 steradians in a spherical surface, so the fraction which escapes is 


(1 — 4/1 —sin? 6,). 


The last substitution is easy enough. We never needed to know the depth h. 
(b) f= 5(1 — /1-—(1/(1.3))?) = 0.18. 


f = =(1—cos@,) = 


Nile 
Nl] rR 
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P39-12 (a) The beam of light strikes the face of the fiber at an angle 6 and is refracted according 
to 
n, sind; = sin @. 


The beam then travels inside the fiber until it hits the cladding interface; it does so at an angle of 
90° — 6; to the normal. It will be reflected if it exceeds the critical angle of 


n sind, = no, 


or if 
sin(90° = 61) > no/n1, 


which can be written as 
cos 6, > no/n1. 


but if this is the cosine, then we can use sin? + cos? = 1 to find the sine, and 


sin 0, < \/1—n3/ni. 


Combine this with the first equation and 


6 < arcsin \/n? — ni. 


(b) 6 = aresin \/(1.58)? — (1.53)? = 23.2°. 


P39-13] Consider the two possible extremes: a ray of light can propagate in a straight line 
directly down the axis of the fiber, or it can reflect off of the sides with the minimum possible angle 
of incidence. Start with the harder option. 

The minimum angle of incidence that will still involve reflection is the critical angle, so 


sin 6, = ey 
ny 
This light ray has farther to travel than the ray down the fiber axis because it is traveling at an 
angle. The distance traveled by this ray is 
= p/n bat, 
n2 


The time taken for this bouncing ray to travel a length LZ down the fiber is then 


/ / 2 
Pac ye a 
U Cc Cc ng 


Now for the easier ray. It travels straight down the fiber in a time 


The difference is g 
L L 
t—-t=At= are (= -m) => =" (ny — ng). 
n 
(b) For the numbers in Problem 12 we have 


(350 x 103 m)(1.58) 
(3.00 x 108m/s)(1.53) 


AGS ((1.58) — (1.53)) = 6.02x 10~°s. 
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P39-14 


P39-15 We can assume the airplane speed is small compared to the speed of light, and use Eq. 
39-21. Af = 990 Hz; so 

IAF] = fou/e = u/Ao, 
hence u = (990/s)(0.12m) = 119m/s. The actual answer for the speed of the airplane is half this 
because there were two Doppler shifts: once when the microwaves struck the plane, and one when the 
reflected beam was received by the station. Hence, the plane approaches with a speed of 59.4m/s. 
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E40-1 (b) Since i = —0, v; = di/dt = —do/dt = —vp. 

(a) In order to change from the frame of reference of the mirror to your own frame of reference 
you need to subtract v, from all velocities. Then your velocity is vp — v9 = 0, the mirror is moving 
with velocity 0 — vo = —v, and your image is moving with velocity —vg — vo = —2vo. 


E40-2 You are 30 cm from the mirror, the image is 10 cm behind the mirror. You need to focus 
40 cm away. 


E40-3/ If the mirror rotates through an angle a then the angle of incidence will increase by an 
angle a, and so will the angle of reflection. But that means that the angle between the incident 
angle and the reflected angle has increased by a twice. 


E40-4 Sketch a line from Sarah through the right edge of the mirror and then beyond. Sarah can 
see any image which is located between that line and the mirror. By similar triangles, the image 
of Bernie will be d/2 = (3.0m)/2 = 1/5m from the mirror when it becomes visible. Since i = —o9, 
Bernie will also be 1.5m from the mirror. 


E40-5 The images are fainter than the object. Several sample rays are shown. 


E40-6 The image is displaced. The eye would need to look up to see it. 


E40-7| The apparent depth of the swimming pool is given by the work done for Exercise 39- 
25, dapp = d/n The water then “appears” to be only 186 cm/1.33 = 140 cm deep. The apparent 
distance between the light and the mirror is then 250 cm + 140 cm = 390 cm; consequently the 
image of the light is 390 cm beneath the surface of the mirror. 


E40-8 Three. There is a single direct image in each mirror and one more image of an image in 
one of the mirrors. 
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E40-9| We want to know over what surface area of the mirror are rays of light reflected from the 
object into the eye. By similar triangles the diameter of the pupil and the diameter of the part of 
the mirror (d) which reflects light into the eye are related by 


d (5.0 mm) 


(10cm) (24 cm)+(10 cm)’ 


which has solution d= 1.47 mm The area of the circle on the mirror is 
A=7(1.47 mm)?/4 = 1.7 mm’. 
E40-10 (a) Seven; (b) Five; and (c) Two. This is a problem of symmetry. 
E40-11 Seven. Three images are the ones from Exercise 8. But each image has an image in the 


ceiling mirror. That would make a total of six, except that you also have an image in the ceiling 
mirror (look up, eh?). So the total is seven! 


E40-12 A point focus is not formed. The envelope of rays is called the caustic. You can see a 
similar effect when you allow light to reflect off of a spoon onto a table. 


E40-13| The image is magnified by a factor of 2.7, so the image distance is 2.7 times farther from 
the mirror than the object. An important question to ask is whether or not the image is real or 
virtual. If it is a virtual image it is behind the mirror and someone looking at the mirror could see 
it. If it were a real image it would be in front of the mirror, and the man, who serves as the object 
and is therefore closer to the mirror than the image, would not be able to see it. 

So we shall assume that the image is virtual. The image distance is then a negative number. 
The focal length is half of the radius of curvature, so we want to solve Eq. 40-6, with f = 17.5 cm 
and 7 = —2.70 


1 He oe 5063 


(17.5cm) o —-2.70 o” 


which has solution o = 11 cm. 


E40-14 ‘The image will be located at a point given by 
1 1 1 1 1 1 


i fo (10cm) (15cm) (30cm)’ 


The vertical scale is three times the horizontal scale in the figure below. 
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E40-15 This problem requires repeated application of 1/f = 1/o+1/i, r = 2f, m = —i/o, or 
the properties of plane, convex, or concave mirrors. All dimensioned variables below (f,7,7,0) are 
measured in centimeters. 

(a) Concave mirrors have positive focal lengths, so f = +20; r = 2f = +40; 


1/i=1/f —1/o = 1/(20) —1/(10) = 1/(—20): 
m = —i/o = —(—20)/(10) = 2; the image is virtual and upright. 
(b) m = +1 for plane mirrors only; r = oo for flat surface; f = co/2 = co; i = —o = —10; the 
image is virtual and upright. 
(c) If f is positive the mirror is concave; r = 2f = +40; 
1/i = 1/f — 1/0 = 1/(20) — 1/(30) = 1/(60); 
m = —i/o = —(60)/(30) = —2; the image is real and inverted. 


(d) If m is negative then the image is real and inverted; only Concave mirrors produce real images 
(from real objects); i = —mo = —(—0.5)(60) = 30; 


1/f =1/o+1/i = 1/(30) +1/(60) = 1/(20); 


p=OF S440. 
(e) If r is negative the mirror is convex; f = r/2 = (—40)/2 = —20; 
1/o = 1/f —1/i = 1/(-20) - 1/(-10) = 1/(20); 
m = —(—10)/(20) = 0.5; the image is virtual and upright. 

(f) If m is positive the image is virtual and upright; if m is less than one the image is reduced, 
but only convex mirrors produce reduced virtual images (from real objects); f = —20 for convex 
mirrors; r = 2f = —40; let i = —mo = —o/10, then 

1/f =1/o+1/i =1/0- 10/0 = -9/o, 
so o = —9f = —9(—20) = 180; i = —o/10 = —(180)/10 = —18. 

(g) r is negative for convex mirrors, so r = —40; f = r/2 = —20; convex mirrors produce only 

virtual upright images (from real objects); so 7 is negative; and 


L/o=1/f —1/t = 1/(—20) —1/(-4) = 1/(5): 


m = —i/o = —(—4)/(5) = 0.8. 
(h) Inverted images are real; only concave mirrors produce real images (from real objects); 
inverted images have negative m; i = —mo = —(—0.5)(24) = 12; 


1/f =1/o+1/i = 1/(24) + 1/(12) = 1/(8); 


r=2f =16. 
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E40-16 Use the angle definitions provided by Eq. 40-8. From triangle OalI we have 


aty = 26, 
while from triangle [aC we have 
B+0=¥7. 
Combining to eliminate 6 we get 
a-y=—26. 
Substitute Eq. 40-8 and eliminate s, 
Lot. 2 
o it or’ 
or 
1 1 2 
o -—i —r’ 


which is the same as Eq. 40-4 if 7 — —72 and r > —-r. 


E40-17| (a) Consider the point A. Light from this point travels along the line ABC and will be 
parallel to the horizontal center line from the center of the cylinder. Since the tangent to a circle 
defines the outer limit of the intersection with a line, this line must describe the apparent size. 

(b) The angle of incidence of ray AB is given by 


sind; = r/R. 


The angle of refraction of ray BC is given by 


sin02 =r*/R. 
Snell’s law, and a little algebra, yields 
ny sinO; = ngsin be, 
r r* 
OR ae 
ne Se. 


In the last line we used the fact that ng = 1, because it is in the air, and n, = n, the index of 
refraction of the glass. 


E40-18 This problem requires repeated application of (ng —71)/r = n1/o+ng/i. All dimensioned 
variables below (r,i,0) are measured in centimeters. 


my (1.5) — (1.0) (1.0) 
—— — = —0.08333 
(30) (10) , 
so 7 = (1.5)/(—0.08333) = —18, and the image is virtual. 
eI (1.0) (1.5) 
— ~ ~—— = —().01 
coy * (aay = 70.015385, 
so r = (1.5 — 1.0)/(—0.015385) = —32.5, and the image is virtual. 
(c) 
1.5) —(1. 1. 
(1.5) = (1.0) _ 15) _ 9 oraie7 


(30) (600) 


191 


so o = (1.0)/(0.014167) = 71. The image was real since i > 0. 
(d) Rearrange the formula to solve for nz, then 


no{—-—-ltJ)=ni(-+-]. 
r ro 
Substituting the numbers, 


"(Cay ~ Can) = (Cao) * en) 


which has any solution for nz! Since i < 0 the image is virtual. 


(c) 
(1.5) | (1.0) _ 
(10) (<6) ~ 0.016667, 
so r = (1.0 — 1.5)/(—0.016667) = 30, and the image is virtual. 
(f) 
(1.0) (1.5) (1.0) 
(—30) (S75) — ee 
so o = (1.5)/(0.15) = 10. The image was virtual since i < 0. 
(g) 
(1.0)— (1.5) (1.5) er 


(30) (70) 


so i = (1.0)/(—3.81 x 10~?) = —26, and the image is virtual. 
(h) Solving Eq. 40-10 for nz yields 


sO 
/(100) + 1/(—30) 


/(—30) —1/(600) ~ *° 


1 
and the image is real. 


E40-19 (b) If the beam is small we can use Eq. 40-10. Parallel incoming rays correspond to an 
object at infinity. Solving for ng yields 


1 
ipa ee 
l/r —1/i 
so if o— oo and i = 2r, then 
1/oo+1/r 
— 1. SS 
ve (1.0) 1/9 g 


(c) There is no solution if ¢ = r! 


E40-20 The image will be located at a point given by 


1 


vt 1 1 1 
i fo (10cm) (6cm) (-15 cm) 
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E40-21| The image location can be found from Eq. 40-15, 
1 1 1 1 1 1 


i fo (-80cm) (20cm) —12 cm’ 


so the image is located 12 cm from the thin lens, on the same side as the object. 


E40-22 For a double convex lens r; > 0 and rz < 0 (see Fig. 40-21 and the accompanying text). 
Then the problem states that r2 = —1r;/2. The lens maker’s equation can be applied to get 


ae n(2 1) = Saad), 


rl r2 rl 
so ry = 3(n — 1) f = 3(1.5 — 1)(60 mm) = 90 mm, and rg = —45 mm. 
E40-23 The object distance is essentially o = co, so1/f =1/o+1/i implies f = 7, and the image 


forms at the focal point. In reality, however, the object distance is not infinite, so the magnification 
is given by m = —i/o  —f/o, where o is the Earth/Sun distance. The size of the image is then 


hi = hof /o = 2(6.96 x 10°m) (0.27 m)/(1.50 x 10''m) = 2.5mm. 


The factor of two is because the sun’s radius is given, and we need the diameter! 


E40-24 (a) The flat side has rg = oo, so 1/f = (n—1)/r, where r is the curved side. Then 
f = (0.20m)/(1.5 — 1) =0.40m. 
(b) 1/é =1/f —1/o = 1/(0.40m) — 1/(0.40m) =0. Then i is oo. 


E40-25 (a) 1/f = (1.5 —1)[1/(0.4m) — 1/(—0.4m)] = 1/(0.40m). 
(b) 1/f = (1.5 — I)[1/(o0) — 1/(-0.4m)] = 1/(0.80 m). 
(c) 1/f = (1.5 — 1)[1/(0.4m) — 1/(0.6m)] = 1/(2.40m). 
(d) 1/f = (1.5 — 1)[1/(—0.4m) — 1/(0.4m)] = 1/(—0.40m). 
(ec) 1/f = (1.5 — 1)[1/(o0) — 1/(0.8m)] = 1/(—0.80m). 
(f) 1/f = (1.5 —1)[1/(0.6m) — 1/(0.4m)] = 1/(—2.40m). 


E40-26 (a) 1/f = (n—-1)[1/(-r) -1/r], so 1/f = 2(1 —n)/r. 1/i =1/f — 1/0 so if o=r, then 
1/t = 2(1 — n)/r —1/r = (1 — 2n)/r, 


soi=r/(1—2n). For n > 0.5 the image is virtual. 
(b) For n > 0.5 the image is virtual; the magnification is 


m = —i/o = —r/(1 — 2n)/r = 1/(2n - 1). 


E40-27| According to the definitions, o= f+aandi= f+’. Starting with Eq. 40-15, 


ieee See | 
o 4 f? 
t+o 1 
ot 7 7s 
2f+tat+a’ .-f 
(f+a)(f +2’) i 
Fe ee a a a eae 


fe = az’. 
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E40-28 (a) You can’t determine 71, r2, or n. 7 is found from 


1 1 1 


4 LO: 420° 4207 


the image is real and inverted. m = —(20)/(20) = —1. 
(b) You can’t determine r;, rz, or n. The lens is converging since f is positive. i is found from 


1 1 1 1 


i ei: EB LOA 


the image is virtual and upright. m = —(—10)/(+5) = 2. 
(c) You can’t determine r1, rg, or n. Since m is positive and greater than one the lens is 
converging. Then f is positive. 7 is found from 
1 1 1 1 


i +10 +5  —10’ 
the image is virtual and upright. m = —(—10)/(+5) = 2. 
(d) You can’t determine r1, rz, or n. Since m is positive and less than one the lens is diverging. 
Then f is negative. 7 is found from 


1 1 Th. ‘Sf 
i —-10 +5 —3.3’ 


the image is virtual and upright. m = —(—3.3)/(+5) = 0.66. 


(e) f is found from 
1 1 1 1 
—=(15-1 = : 
a ) ee =) +30 


The lens is converging. 7 is found from 


1 1 es 
i +30 410 —15’ 


the image is virtual and upright. m = —(—15)/(+10) = 1.5. 


(f) f is found from 
1 1 1 1 
—==(15-1 = . 
f ( ) (= a) —30 


1 1 1 1 


i 30 +10 -7.5’ 
the image is virtual and upright. m = —(—7.5)/(+10) = 0.75. 


(g) f is found from 
1 1 1 
= (1. 1 = . 
Fe (a =) —120 


The lens is diverging. 7 is found from 


(a hs 2 A 
i -120 +410 —9.2’ 


the image is virtual and upright. m = —(—9.2)/(+10) = 0.92. 
(h) You can’t determine r1, ro, or n. Upright images have positive magnification. 7 is found from 


i = —(0.5)(10) = —5; 
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f is found from 
1 1 1 1 


fF 0” 25; S10? 


so the lens is diverging. 
(h) You can’t determine 11, r2, or n. Real images have negative magnification. i is found from 


i = —(—0.5)(10) = 5; 


f is found from 
1 1 1 1 


ers ae EEC 


so the lens is converging. 


E40-29 0+i1=044m= LI, so 


ee ne Oe renee ee 
fo i o L-e o(L—o0)’ 


which can also be written as 0? — oL + fL =0. This has solution 


5 LEVER AfL _ (044m) + (044m) —4OT m\O4m) _,, 
= 5 = 5) = 0.22m. 


There is only one solution to this problem, but sometimes there are two, and other times there are 
none! 


E40-30 (a) Real images (from real objects) are only produced by converging lenses. 

(b) Since h; = —ho/2, then i = 0/2. But d = i+o = 0+0/2 = 30/2, so o = 2(0.40m)/3 = 0.267 m, 
and 7 = 0.133 m. 

(c) 1/f =1/o+1/i = 1/(0.267 m) + 1/(0.133 m) = 1/(0.0889 m). 


E40-31] Step through the exercise one lens at a time. The object is 40 cm to the left of a 
converging lens with a focal length of +20 cm. The image from this first lens will be located by 
solving 


5 ee CoE 1 1 1 


i fo (20cm) (40cm) 40cm’ 
so 2 = 40 cm. Since 7 is positive it is a real image, and it is located to the right of the converging 
lens. This image becomes the object for the diverging lens. 

The image from the converging lens is located 40 cm - 10 cm from the diverging lens, but it is 
located on the wrong side: the diverging lens is “in the way” so the rays which would form the image 
hit the diverging lens before they have a chance to form the image. That means that the real image 
from the converging lens is a virtual object in the diverging lens, so that the object distance for the 


diverging lens is o = —30 cm. 
The image formed by the diverging lens is located by solving 
1 1 1 1 1 1 


i fo (-15em) (-30cm) —30cm’ 


or i = —30 cm. This would mean the image formed by the diverging lens would be a virtual image, 
and would be located to the left of the diverging lens. 
The image is virtual, so it is upright. The magnification from the first lens is 


my, = —i/o = —(40 cm)/(40 cm)) = —1; 
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the magnification from the second lens is 
mg = —i/o = —(—30 cm)/(—30 cm)) = —1; 
which implies an overall magnification of mjm2 = 1. 
E40-32 (a) The parallel rays of light which strike the lens of focal length f will converge on the 
focal point. This point will act like an object for the second lens. If the second lens is located a 


distance L from the first then the object distance for the second lens will be L — f. Note that this 
will be a negative value for LD < f, which means the object is virtual. The image will form at a point 


lal (fyb 7) = bFGF — 2): 


Note that 7 will be positive if L < f, so the rays really do converge on a point. 
(b) The same equation applies, except switch the sign of f. Then 


LSA fy) SE Sf a by Ef). 


This is negative for L < f, so there is no real image, and no converging of the light rays. 
(c) If L =0 then i = ow, which means the rays coming from the second lens are parallel. 


E40-33 The image from the converging lens is found from 


1 1 1 1 


i, (058m) (112m) 120m 


so i; = 1.20m, and the image is real and inverted. 

This real image is 1.97m — 1.20m = 0.77m in front of the plane mirror. It acts as an object 
for the mirror. The mirror produces a virtual image 0.77 m behind the plane mirror. This image is 
upright relative to the object which formed it, which was inverted relative to the original object. 

This second image is 1.97m+0.77m = 2.74m away from the lens. This second image acts as an 
object for the lens, the image of which is found from 


1 1 1 1 


iz (058m) (2.74m)  0.736m 


so i3 = 0.736 m, and the image is real and inverted relative to the object which formed it, which was 
inverted relative to the original object. So this image is actually upright. 


E40-34 (a) The first lens forms a real image at a location given by 
1/i=1/f —1/o=1/(0.1m) — 1/(0.2m) = 1/(0.2m). 


The image and object distance are the same, so the image has a magnification of 1. This image is 
0.3m — 0.2m = 0.1m from the second lens. The second lens forms an image at a location given by 


1/i=1/f —1/o=1/(0.125m) —1/(0.1m) =1/(—0.5m). 


Note that this puts the final image at the location of the original object! The image is magnified by 
a factor of (0.5m)/(0.1m) = 5. 
(c) The image is virtual, but inverted. 
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E40-35_ If the two lenses “pass” the same amount of light then the solid angle subtended by each 
lens as seen from the respective focal points must be the same. If we assume the lenses have the 
same round shape then we can write this as do/fo = de/fe. Then 


or dp = (72 mm)/36 = 2mm. 


E40-36 (a) f = (0.25m)/(200) ~ 1.3mm. Then 1/f = (n — 1)(2/r) can be used to find r; 
r = 2(n—1)f = 2(1.5—-1)(1.3mm) = 1.3mm. 
(b) The diameter would be twice the radius. In effect, these were tiny glass balls. 


E40-37 (a) In Fig. 40-46(a) the image is at the focal point. This means that in Fig. 40-46(b) 
i= f =2.5 cm, even though f’ 4 f. Solving, 
1 1 1 1 


7 @6en) Gem) 284on 


(b) The effective radii of curvature must have decreased. 


E40-38 (a) s = (25 cm) — (4.2 cm) — (7.7 cm) = 13.1 cm. 
(b) ¢ = (25 cm) — (7.7 cm) = 17.3 cm. Then 


1 1 1 1 


o (42cm) (173cm) 5.54cm. 


The object should be placed 5.5 — 4.2 = 1.34 cm beyond F}. 
(c) m = —(17.3)/(5.5) = —3.1. 
(d) mg = (25 cm)/(7.7 cm) = 3.2. 
(e) M = mmo = —10. 


E40-39| Microscope magnification is given by Eq. 40-33. We need to first find the focal length 
of the objective lens before we can use this formula. We are told in the text, however, that the 
microscope is constructed so the at the object is placed just beyond the focal point of the objective 
lens, then fop + 12.0 mm. Similarly, the intermediate image is formed at the focal point of the 
eyepiece, so fey © 48.0 mm. The magnification is then 

—s(250 mm) (285 mm)(250 mm) 


= = = 124. 
cael aa ra 8 (12.0 mm)(48.0 mm) 


A more accurate answer can be found by calculating the real focal length of the objective lens, which 
is 11.4 mm, but since there is a huge uncertainty in the near point of the eye, I see no point in trying 
to be more accurate than this. 


P40-1 The old intensity is [, = P/4rd?, where P is the power of the point source. With the 
mirror in place there is an additional amount of light which needs to travel a total distance of 3d 
in order to get to the screen, so it contributes an additional P/47(3d)? to the intensity. The new 
intensity is then 

In, = P/4rd? + P/4r(3d)? = (10/9) P/4nd? = (10/9)Io. 
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P40-2 (a) v; = di/dt; but i= fo/(o— f) and f =r/2s0 


d TO r ? do Tr : 
V3= — = Vo: 
dt \20-—r 20-7 dt 20-7T 


(b) Put in the numbers! 


- (15 cm) 7 AR 2 d 
Us= (a5 em) = (18 =) (5.0 cm/s) = —6.2x107* cm/s. 


(c) Put in the numbers! 


= (15 cm) 
a (a em) — (15 em 


=) (5.0 cm/s) = —70m/s 


(d) Put in the numbers! 


7 (15 cm) : Be 
UU; = (saa cm) — (15 =) (5.0 cm/s) = —5.2 cm/s. 


P40-3|] (b) There are two ends to the object of length L, one of these ends is a distance 0, from 
the mirror, and the other is a distance og from the mirror. The images of the two ends will be 
located at 71 and ig. 

Since we are told that the object has a short length LD we will assume that a differential approach 
to the problem is in order. Then 


L=Ao= 0 — 02 and L’ = Ai = ij — ig, 
Finding the ratio of L’/L is then reduced to 


UM di 


i -fe" ae 
We can take the derivative of Eq. 40-15 with respect to changes in o and 3, 


di do 
ago 
or 
di i? 9 
~~ = met m 5 
L do 0? 
where m is the lateral magnification. 
(a) Since 7 is given by 
i He i oe 
i fo + SOR 
the fraction i/o can also be written 
a of f 


Then 
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P40-4 The left surface produces an image which is found from n/i = (n — 1)/R— 1/0, but since 
the incoming rays are parallel we take o = oo and the expression simplifies to 1 = nR/(n — 1). This 
image is located a distance 0 = 2R —i = (n — 2)R/(n — 1) from the right surface, and the image 
produced by this surface can be found from 


1/t = (1 —n)/(—R) — n/o = (n—1)/R— n(n —-1)/(n— 2)R = 2(1 — n)/(n— 2)R. 
Then 7 = (n — 2)R/2(n — 1). 


P40-5 The “1” in Eq. 40-18 is actually nair; the assumption is that the thin lens is in the air. If 
that isn’t so, then we need to replace “1” with n’, so Eq. 40-18 becomes 


o fl om 


A similar correction happens to Eq. 40-21: 


nn n-n 
+ - = 
|i’ | 7 T2 
Adding these two equations, 
von ray al 1 
+—=(n-7n’) 
O 7 TL T2 
This yields a focal length given by 
1 n-n fil 1 
f ~~ on TT. #12 
P40-6 Start with Eq. 40-4 
‘oe re 
G0 % =f? 
ainil 
O a f 
Tes, 
Soa OS ml 
y Y 


where + is when f is positive and — is when f is negative. 


The plot on the right is for +, that on the left for —. 
Real image and objects occur when y or y’ is positive. 
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P40-7| (a) The image (which will appear on the screen) and object are a distance D = 0+ i 
apart. We can use this information to eliminate one variable from Eq. 40-15, 


9 


? 


1 
ri 
1 
o D-o f 
1 
o(D — 0) f 
o°—oD+fD = 0. 


This last expression is a quadratic, and we would expect to get two solutions for o. These solutions 
will be of the form “something” plus/minus “something else”; the distance between the two locations 
for o will evidently be twice the “something else”, which is then 


d= 0, —0_ = /(—-D)? -(fD) = /D(D— 4p. 


(b) The ratio of the image sizes is m_/m_, or i,o_/i_o,. Now it seems we must find the actual 
values of 0, and o_. From the quadratic in part (a) we have 


5. -D#VD(D=4f) _D+d 


2 2 


oO.  (D=d 
Oy, D+d i 


But i_ = 04, and vice-versa, so the ratio of the image sizes is this quantity squared. 


so the ratio is 


P40-8 1/i=1/f —1/o implies i = fo/(o— f). «is only real if o > f. The distance between the 
image and object is 
of 0” 


ie Or ee 


This quantity is a minimum when dy/do = 0, which occurs when o = 2f. Then i = 2f, and y = 4f. 


P40-9 (a) The angular size of each lens is the same when viewed from the shared focal point. This 
means Wi/fi = W2/ fa, or 
Wo = (f2/fi)W1. 


(b) Pass the light through the diverging lens first; choose the separation of the lenses so that 
the focal point of the converging lens is at the same location as the focal point of the diverging lens 
which is on the opposite side of the diverging lens. 

(c) Since I x 1/A, where A is the area of the beam, we have I « 1/W?. Consequently, 


Tn/T, = (Wi /W2)? = (fi/ fr)? 


P40-10 The location of the image in the mirror is given by 
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The location of the image in the plate is given by i’ = —a, which is located at b — a relative to the 
mirror. Equating, 


1 
i 
z 
qe 
7¢ 2bf, 
a = 2 —20f, 


= (7.5 cm)? — 2(7.5 cm) (—28.2 cm) = 21.9 cm. 


P40-11] We'll solve the problem by finding out what happens if you put an object in front of the 
combination of lenses. 
Let the object distance be 0;. The first lens will create an image at 7,, where 


1 1 1 


This image will act as an object for the second lens. 

If the first image is real (71 positive) then the image will be on the “wrong” side of the second 
lens, and as such the real image will act like a virtual object. In short, 02 = —7, will give the correct 
sign to the object distance when the image from the first lens acts like an object for the second lens. 
The image formed by the second lens will then be at 


te oe oh 1 
Fea 
ae 7 oe 1 
re aE 
oe) 1 1 
fe ft on 
In this case it appears as if the combination 
1 1 
hh 


is equivalent to the reciprocal of a focal length. We will go ahead and make this connection, and 
Leet. det a 6 ee 
fh fife 


The rest is straightforward enough. 


P40-12 (a) The image formed by the first lens can be found from 
1 1 1 1 


a fa [fi fi 
This is a distance 02 = 2(f1 + fo) = 2fo from the mirror. The image formed by the mirror is at an 
image distance given by 


tg fa 2fe Affe 
Which is at the same point as 7;!. This means it will act as an object 03 in the lens, and, reversing 
the first step, produce a final image at O, the location of the original object. There are then three 
images formed; each is real, same size, and inverted. Three inversions nets an inverted image. The 
final image at O is therefore inverted. 
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P40-13 (a) Place an object at o. The image will be at a point i’ given by 


ee oe 
i fe 26! 
or i’ = fo/(o- f). 
(b) The lens must be shifted a distance i’ — 7, or 
ays 
Ores, 


(c) The range of motion is 


(0.05 m)(1.2 m) 
(1.2m) — (0.05 m) 


Ai= 1 = —5.2 cm. 


P40-14 (a) Because magnification is proportional to 1/f. 
(b) Using the results of Problem 40-11, 


1 ete 
te ote = fe? 
so P=P,+ Pp. 


P40-15| We want the maximum linear motion of the train to move no more than 0.75 mm on the 
film; this means we want to find the size of an object on the train that will form a 0.75 mm image. 
The object distance is much larger than the focal length, so the image distance is approximately 
equal to the focal length. The magnification is then m = —i/o = (3.6 cm)/(44.5m) = —0.00081. 

The size of an object on the train that would produce a 0.75 mm image on the film is then 
0.75 mm/0.00081 = 0.93 m. 

How much time does it take the train to move that far? 

(0.93 m) 


+=" 7ia5 lan /ir)(1/3600 heya) 


P40-16 (a) The derivation leading to Eq. 40-34 depends only on the fact that two converging 
optical devices are used. Replacing the objective lens with an objective mirror doesn’t change 
anything except the ray diagram. 

(b) The image will be located very close to the focal point, so |m| ~ f/o, and 


(16.8m) 


= SAM 10 2 
(2000 m) Gong ee 


(c) fe = (5m)/(200) = 0.025m. Note that we were given the radius of curvature, not the focal 
length, of the mirror! 
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E41-1]| In this problem we look for the location of the third-order bright fringe, so 


eM 22g (3)(554 «107-2 m) 
6=sin7? “* =sin7} = 12.5° = 0.22 rad. 
sin 3 sin (7.7 x 10-%m) 5 0.22 ra 


E41-2 d,sin@ = ) gives the first maximum; dz sin @ = 2X puts the second maximum at the location 
of the first. Divide the second expression by the first and dz = 2d,. This is a 100% increase in d. 


E41-3 Ay = AD/d = (512x10~9m) (5.4m) /(1.2x 10-3m) = 2.3x 103m. 


E41-4 d= /sin = (592x10-°m)/sin(1.00°) = 3.39 10-5m. 


E41-5| Since the angles are very small, we can assume sin @ % @ for angles measured in radians. 
If the interference fringes are 0.23° apart, then the angular position of the first bright fringe 
is 0.23° away from the central maximum. Eq. 41-1, written with the small angle approximation 
in mind, is dO = A for this first (m = 1) bright fringe. The goal is to find the wavelength which 
increases 0 by 10%. To do this we must increase the right hand side of the equation by 10%, which 
means increasing A by 10%. The new wavelength will be \’ = 1.1A = 1.1(589 nm) = 650 nm 


E41-6 Immersing the apparatus in water will shorten the wavelengths to A/n. Start with dsin 09 = 
A; and then find @ from dsin 6 = A/n. Combining the two expressions, 


6 = arcsin|sin 09 /n] = arcsin[sin(0.20°)/(1.33)] = 0.15°. 


E41-7 The third-order fringe for a wavelength » will be located at y = 3\D/d, where y is measured 
from the central maximum. Then Ay is 


Yi — Yo = 3(A1 — Az) D/d = 3(612 x 107 °m — 480 x 107 9m) (1.36 m)/(5.22 x 107m) = 1.03x107*m. 


E41-8 @ = arctan(y/D); 
d = dsin@ = (0.120 m) sin[arctan(0.180 m/2.0m)] = 1.08 x 10~?m. 
Then f = v/\ = (0.25 m/s)/(1.08 x 10~?m) = 23 Hz. 


E41-9| A variation of Eq. 41-3 is in order: 


We are given the distance (on the screen) between the first minima (m = 0) and the tenth minima 
(m= 9). Then 
(50 cm) 
18 = =9 
ee gee ee (0.15 mm)’ 


or \=6x107-4 mm = 600 nm. 


E41-10 The “maximum” maxima is given by the integer part of 
m = dsin(90°)/A = (2.0m)/(0.50m) = 4. 


Since there is no integer part, the “maximum” maxima occurs at 90°. These are point sources 
radiating in both directions, so there are two central maxima, and four maxima each with m = 1, 
m = 2, and m= 3. But the m = 4 values overlap at 90°, so there are only two. The total is 16. 
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E41-11| This figure should explain it well enough. 


E41-12 Ay = AD/d = (589 107°m)(1.13 m)/(0.18x 1073m) = 3.70 x 1078m. 


E41-13 Consider Fig. 41-5, and solve it exactly for the information given. For the tenth bright 


fringe r; = 10A+ rg. There are two important triangles: 
13 = D? + (y—d/2)” 


and 


ry = D* + (y+4/2)? 


Solving to eliminate ro, 


J D2 + (y+ d/2)2 = VD? + (y — d/2)? + 10). 


This has solution 


_ sn?" + d? — 100)? 
# 2 — 100% 
The solution predicted by Eq. 41-1 is 


10A 
y= ae /D? +y!?, 


4D? 
a 
Y= 5\\1 TO? 


i 4D? ; 
4D? +. d2—100\2” 


or 


The fractional error is y’/y — 1, or 


or 


4(40 mm)? 
4(40 mm)? + (2mm)? — 100(589 x 10-&mm)? 


E41-14 (a) Ar =c/At = (3.00x 108m/s)/(1x 1078s) = 3m. 
(b) No. 
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1=-—3.1x1074. 


E41-15| Leading by 90° is the same as leading by a quarter wavelength, since there are 360° in a 
circle. The distance from A to the detector is 100 m longer than the distance from B to the detector. 
Since the wavelength is 400 m, 100 m corresponds to a quarter wavelength. 

So a wave peak starts out from source A and travels to the detector. When it has traveled a 
quarter wavelength a wave peak leaves source B. But when the wave peak from A has traveled 
a quarter wavelength it is now located at the same distance from the detector as source B, which 
means the two wave peaks arrive at the detector at the same time. 

They are in phase. 


E41-16 The first dark fringe involves waves 7 radians out of phase. Each dark fringe after that 
involves an additional 27 radians of phase difference. So the mth dark fringe has a phase difference 
of (2m + 1)z radians. 


E41-17 I = 4Iy cos? (274 sin 0), so for this problem we want to plot 


27 (0.60 mm) 


I/To => cos? (ae sin s) => cos? (6280 sin 0) é 
m 


E41-18 The resultant quantity will be of the form Asin(wt + 3). Solve the problem by looking at 
t = 0; then y; = 0, but 2, = 10, and yo = 8sin30° = 4 and x2 = 8 cos 30 = 6.93. Then the resultant 
is of length 


A= \/(4)? + (10 + 6.93)? = 17.4, 


and has an angle (@ given by 
2 = arctan(4/16.93) = 13.3°. 


E41-19| (a) We want to know the path length difference of the two sources to the detector. 
Assume the detector is at x and the second source is at y = d. The distance S,D is x; the 
distance S)D is Vx? + d?. The difference is Vx? + d? — x. If this difference is an integral number 
of wavelengths then we have a maximum; if instead it is a half integral number of wavelengths we 
have a minimum. For part (a) we are looking for the maxima, so we set the path length difference 
equal to mA and solve for tm. 


Vi2,+@0-a2m, = md, 


got+d = (mdr\+2m)’, 
got d? = m2 +2%mdgm +22, 
d? — m?)? 
el 2m 


The first question we need to ask is what happens when m = 0. The right hand side becomes 
indeterminate, so we need to go back to the first line in the above derivation. If m = 0 then d? = 0; 
since this is not true in this problem, there is no m = 0 solution. 

In fact, we may have even more troubles. x,, needs to be a positive value, so the maximum 
allowed value for m will be given by 


Wee Gea, 
m < a/A= (4.17m)/(1.06 m) = 3.93; 


but since m is an integer, m = 3 is the maximum value. 
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The first three maxima occur at m = 3, m = 2, and m= 1. These maxima are located at 


(417m)? = (3)2(1.06m)? 
iS 2(3)(1.06m) ees 


— (4.17m)? = (2)2(1.06m)? 
me 2(2)(1.06 m) ey 


— (4.17m)? = (1)2(1.06m)? 
oa, 2(1)(1.06m) hs 


Interestingly enough, as m decreases the maxima get farther away! 

(b) The closest maxima to the origin occurs at « = +6.94 cm. What then is x = 0? It is a local 
minimum, but the intensity isn’t zero. It corresponds to a point where the path length difference is 
3.93 wavelengths. It should be half an integer to be a complete minimum. 


E41-20 The resultant can be written in the form Asin(wt + (@). Consider t = 0. The three 
components can be written as 


and 


Then A= 


E41-21 


E41-22 


yr = 10sin0°=0, 
yo = 14sin26° = 6.14, 
y3 = 4.7sin(—41°) = —3.08, 
y = 0+6.14—3.08 = 3.06. 
x; = 10cos0° = 10, 
x2 = 14co0s26° = 12.6, 
t3 = 4.7cos(—41°) = 3.55, 
xe = 104+12.64+3.55 = 26.2. 


(3.06)? + (26.2)? = 26.4 and 6 = arctan(3.06/26.2) = 6.66°. 


The order of the indices of refraction is the same as in Sample Problem 41-4, so 


d= X/4n = (620 nm)/4(1.25) = 124 nm. 


Follow the example in Sample Problem 41-3. 


2dn  ——s-2(410 nm)(1.50) — 1230 nm 
m—-1/2 m—-1/2 m-1/2 


A= 


The result is only in the visible range when m = 3, so \ = 492 nm. 


E41-23 


(a) Light from above the oil slick can be reflected back up from the top of the oil layer 


or from the bottom of the oil layer. For both reflections the light is reflecting off a substance with 
a higher index of refraction so both reflected rays pick up a phase change of 7. Since both waves 
have this phase the equation for a maxima is 


1 1 


Remember that A, = A/n, where n is the index of refraction of the thin film. Then 2nd = (m—1)A 
is the condition for a maxima. We know n = 1.20 and d = 460 nm. We don’t know m or 4. It might 
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seem as if there isn’t enough information to solve the problem, but we can. We need to find the 
wavelength in the visible range (400 nm to 700 nm) which has an integer m. Trial and error might 
work. If \ = 700 nm, then m is 


2nd 2(1.20)(460 nm) 
aes i (700 nm) 
But m needs to be an integer. If we increase m to 3, then 
he 2(1.20)(460 nm) — 552 nm 


(3-1) 


which is in the visible range. So the oil slick will appear green. 

(b) One of the most profound aspects of thin film interference is that wavelengths which are 
maximally reflected are minimally transmitted, and vice versa. Finding the maximally transmitted 
wavelengths is the same as finding the minimally reflected wavelengths, or looking for values of m 
that are half integer. 

The most obvious choice is m = 3.5, and then 


2(1.20)(460 nm) 
A= = 142 é 
(35-1) — 
E41-24 The condition for constructive interference is 2nd = (m— 1/2). Assuming a minimum 
value of m = 1 one finds 
d = /4n = (560 nm)/4(2.0) = 70 nm. 


E41-25 The top surface contributes a phase difference of 7, so the phase difference because of the 
thickness is 27, or one complete wavelength. Then 2d = A/n, or d = (572 nm)/2(1.33) = 215 nm. 


E41-26 The wave reflected from the first surface picks up a phase shift of 7. The wave which is 
reflected off of the second surface travels an additional path difference of 2d. The interference will 
be bright if 2d + A,/2 = mA, results in m being an integer. 


m = 2nd/dA + 1/2 = 2(1.33)(1.21 x 107®m) /(585 x 107°m) + 1/2 = 6.00, 


so the interference is bright. 


E41-27| As with the oil on the water in Ex. 41-23, both the light which reflects off of the acetone 
and the light which reflects off of the glass undergoes a phase shift of 7. Then the maxima for 
reflection are given by 2nd = (m—1)X. We don’t know m, but at some integer value of m we have 
A = 700 nm. If m is increased by exactly $ then we are at a minimum of A = 600 nm. Consequently, 


2(1.25)d = (m — 1)(700 nm) and 2(1.25)d = (m — 1/2)(600 nm), 
we can set these two expressions equal to each other to find m, 
(m — 1)(700 nm) = (m — 1/2)(600 nm), 
so m = 4. Then we can find the thickness, 


d = (4—1)(700 nm) /2(1.25) = 840 nm. 
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E41-28 The wave reflected from the first surface picks up a phase shift of 7. The wave which is 
reflected off of the second surface travels an additional path difference of 2d. The interference will 
be bright if 2d+ A,/2 = mA, results in m being an integer. Then 2nd = (m —1/2)), is bright, and 
2nd = m)z is dark. Divide one by the other and (m — 1/2)A, = mz, so 

m = 4/2(Ai — A2) = (600 nm) /2(600 nm — 450 nm) = 2, 


then d = mA2/2n = (2)(450 nm) /2(1.33) = 338 nm. 
E41-29 Constructive interference happens when 2d = (m — 1/2)A. The minimum value for m is 


m = 1; the maximum value is the integer portion of 2d/A+1/2 = 2(4.8x10~°m) /(680x10~9m)+1/2 = 
141.67, so mMmax = 141. There are then 141 bright bands. 


E41-30 (a) A half wavelength phase shift occurs for both the air/water interface and the water/oil 
interface, so if d = 0 the two reflected waves are in phase. It will be bright! 
(b) 2nd = 3A, or d = 3(475 nm) /2(1.20) = 594 nm. 


E41-31 There is a phase shift on one surface only, so the bright bands are given by 2nd = (m — 
1/2). Let the first band be given by 2nd; = (m, — 1/2)X. The last bright band is then given by 
2ndz = (m1 + 9 —1/2)X. Subtract the two equations to get the change in thickness: 


Ad = 9\/2n = 9(630 nm)/2(1.50) = 1.89 ym. 


E41-32 Apply Eq. 41-21: 2nd = m. In one case we have 
2nair = (4001)A, 


in the other, 
2nvac = (4000)A. 


Equating, rair = (4001) /(4000) = 1.00025. 


E41-33| (a) We can start with the last equation from Sample Problem 41-5, 


and solve for m, 


In this exercise R = 5.0m, r = 0.01m, and \ = 589 nm. Then 


- (0.01 m)? 2 
"(689 nm) (5.0m) ~ 


is the number of rings observed. 
(b) Putting the apparatus in water effectively changes the wavelength to 


(589 nm)/(1.33) = 443 nm, 


so the number of rings will now be 


(0.01 m)? _ 
"(48 nm)(5.0an) ~ 
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E41-34 (1.42 cm) = ,/(10 — $) RA, while (1.27 cm) = ,/(10 — $)RA/n. Divide one expression by 


the other, and (1.42 cm)/(1.27 cm) = Jn, or n = 1.25. 


E41-35 (0.162 cm) = ,/(n — $)RA, while (0.368 cm) = ,/(n+20—$)RA. Square both expres- 
sions, the divide one by the other, and find 


(n + 19.5)/(n — 0.5) = (0.368 cm/0.162 cm)? = 5.16 


which can be rearranged to yield 


19.5 +5.16 x 0.5 
7 5.16 —1 


= 5.308. 


Oops! That should be an integer, shouldn’t it? The above work is correct, which means that there 
really aren’t bright bands at the specified locations. ’m just going to gloss over that fact and solve 
for R using the value of m = 5.308. Then 


R=r?/(m—1/2)X = (0.162 cm)?/(5.308 — 0.5)(546 nm) = 1.00m. 


Well, at least we got the answer which is in the back of the book... 


E41-36 Pretend the ship is a two point source emitter, one h above the water, and one h below 
the water. The one below the water is out of phase by half a wavelength. Then dsin #@ = A, where 
d = 2h, gives the angle for theta for the first minimum. 


\/2h = (3.43m)/2(23m) = 7.46x 107? = sind ~ H/D, 


so D = (160 m)/(7.46x 10-2) = 2.14 km. 


E41-37 The phase difference is 27/2, times the path difference which is 2d, so 
@ =Ard/Xn = 4nnd/X. 


We are given that d = 100x 10~°m and n = 1.38. 
(a) @ = 4n(1.38)(100 x 10-9m) /(450 x 10-9m) = 3.85. Then 


I » (3.85) 
= Biggs So ena: 
A cos” > 0 
The reflected ray is diminished by 1 — 0.12 = 88%. 

(b) ¢ = 4(1.38)(100 x 10-9m) /(650x 109m) = 2.67. Then 


2.67 
ie cos” ( 5 ) 


= 0.055. 

The reflected ray is diminished by 1 — 0.055 = 95%. 

E41-38 The change in the optical path length is 2(d — d/n), so 7A/n = 2d(1 — 1/n), or 
7(589 x 107 °m) 


= = 49x 1078. 
d= ~J7149) —2 Oa ae 
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E41-39| When M2 moves through a distance of \/2 a fringe has will be produced, destroyed, and 
then produced again. This is because the light travels twice through any change in distance. The 
wavelength of light is then 


aie 2(0.233 mm) 


79) = 588 nm. 


E41-40 The change in the optical path length is 2(d — d/n), so 60 = 2d(1 — 1/n), or 


1 1 
~ 1—60A/2d ~~ 1 — 60(500 x 10-9m) /2(5 x 10-2m) 


n 


= 1.00030. 


P41-1/ (a) This is a small angle problem, so we use Eq. 41-4. The distance to the screen is 
2 x 20m, because the light travels to the mirror and back again. Then 


— AD _ (632.8 nm)(40.0m) _ 
d= Gy = (0.1m) = 0.253 mm. 


(b) Placing the cellophane over one slit will cause the interference pattern to shift to the left or 
right, but not disappear or change size. How does it shift? Since we are picking up 2.5 waves then 
we are, in effect, swapping bright fringes for dark fringes. 


P41-2 The change in the optical path length is d— d/n, so 7\/n = d(1 —1/n), or 


7(550 x 10-°m) 


as (1.58) —1 


= 6.64x107°m. 


P41-3 The distance from S; to P is ry = \/(a+d/2)?+y?. The distance from S2 to P is 
ro = \/(a — d/2)? + y?. The difference in distances is fixed at some value, say c, so that 


m1 —-T. = 6, 
re —2ryrot+ re = ¢, 
(2413-02)? = art 
(PP 2203+ +e = 0, 
(Qad)" — 2c? (2a? + d7/24+2y?)+c* = 0, 
Ag? d? — 4c*x? — c?d*? —4c*y? +c* = 0, 
A(d? — ¢?)2? —4c°y? = (d? —c’). 


Yes, that is the equation of a hyperbola. 


P41-4 The change in the optical path length for each slit is nt — t, where n is the corresponding 
index of refraction. The net change in the path difference is then not — nit. Consequently, mA = 
t(ng _ n1), so 

(5)(480 x 10-°m) 


(7) (4) = 8.0x107°m. 


 — 


P41-5| The intensity is given by Eq. 41-17, which, in the small angle approximation, can be 


written as 
9 ( 7d0 
Ig = 4Io cos = Ve 
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The intensity will be half of the maximum when 


1 dA@/2 
oo cos” (7 / ) 


» 


or 
na  mdAd 


4 2” 


which will happen if A@ = A/2d. 


P41-6 Follow the construction in Fig. 41-10, except that one of the electric field amplitudes is 
twice the other. The resultant field will have a length given by 


E' = \/(2Eo+ Epcos)? + (Egsin ¢)?, 


= EoV5+4cos¢, 


so squaring this yields 


2ndsi 
— fa (5+ eos =") 
Xr 
adsin 0 
= Ip (1+ 8cos? 
o( cos X ) 
Dees dsin@ 
a 3 (14 8008?" a ) 


P41-7| We actually did this problem in Exercise 41-27, although slightly differently. One maxi- 
mum is 


2(1.32)d = (m — 1/2)(679 nm), 


the other is 
2(1.32)d = (m+ 1/2)(485 nm). 


Set these equations equal to each other, 
(m — 1/2)(679 nm) = (m+ 1/2)(485 nm), 
and find m = 3. Then the thickness is 


d = (3 — 1/2)(679 nm) /2(1.32) = 643 nm. 


P41-8 (a) Since we are concerned with transmission there is a phase shift for two rays, so 
2d= Mn 
The minimum thickness occurs when m = 1; solving for d yields 


-—9 
gh ORE) = Gey pag. 
on 2(1.55) 


(b) The wavelengths are different, so the other parts have differing phase differences. 
(c) The nearest destructive interference wavelength occurs when m = 1.5, or 


d = 2nd = 2(1.55)1.5(169 x 107 °m) = 393 x 107°m. 


This is blue-violet. 
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P41-9 It doesn’t matter if we are looking at bright are dark bands. It doesn’t even matter if we 
concern ourselves with phase shifts. All that cancels out. Consider 26d = 6m; then 


dd = (10)(480 nm) /2 = 2.4 um. 


P41-10 (a) Apply 2d = mA. Then 
d = (7)(600 x 10~°m) /2 = 2100 x 107~9m. 


(b) When water seeps in it introduces an extra phase shift. Point A becomes then a bright fringe, 
and the equation for the number of bright fringes is 2nd = mX. Solving for m, 


m = 2(1.33)(2100 x 107°m)/(600 x 107 °m) = 9.3; 


this means that point B is almost, but not quite, a dark fringe, and there are nine of them. 


P41-11} (a) Look back at the work for Sample Problem 41-5 where it was found 


We can write this as 


1 


and expand the part in parentheses in a binomial expansion, 


We will do the same with 


expanding 
1 
Tm4+1 = IC + =a) mAR 
to get 
1 

Tm+1 © (1 + saa) VmaAR. 

Then 
Ar eres! mR, 

or 


Ar = =\V/AR/m. 
(b) The area between adjacent rings is found from the difference, 
A=n(re4,-73), 


and into this expression we will substitute the exact values for r», and rm+1, 


A 


((m41 JAR re SAR) 
= wAR. 


Unlike part (a), we did not need to assume m > 1 in order to arrive at this expression; it is exact 
for all m. 
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P41-12 The path length shift that occurs when moving the mirror as distance x is 27. This means 
@ = 2n2a/\ = 4rx/X. The intensity is then 


2 
I = 4Ip cos? ~— 
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E42-1 \ =asin@ = (0.022 mm) sin(1.8°) = 6.91x1077m. 


E42-2 a= X/sind = (0.10x 10-°m)/sin(0.12« 107? rad/2) = 1.7 wm. 


E42-3]| (a) This is a valid small angle approximation problem: the distance between the points 

on the screen is much less than the distance to the screen. Then 

Ox (0.0162 m) 
~~ (2.16 m) 


= 7.5 x 10-3 rad. 


(b) The diffraction minima are described by Eq. 42-3, 


asind = md, 
asin(7.5 x 107% rad) = (2)(441 x 107° m), 
a@ = 1.18x10-4m. 


E42-4 a= X/sind = (633x107-°m)/sin(1.97°/2) = 36.8 wm. 


E42-5]| (a) We again use Eq. 42-3, but we will need to throw in a few extra subscripts to 
distinguish between which wavelength we are dealing with. If the angles match, then so will the sine 
of the angles. We then have sin 0,1 = sin 6,2 or, using Eq. 42-3, 

(L)rAa _ (2)As 


? 
a a 


from which we can deduce Ag = 2Ap. 
(b) Will any other minima coincide? We want to solve for the values of m, and my that will be 
integers and have the same angle. Using Eq. 42-3 one more time, 


Mara MoAb 


’ 
a a 


and then substituting into this the relationship between the wavelengths, m, = mp/2. whenever my 
is an even integer m, is an integer. Then all of the diffraction minima from A, are overlapped by a 
minima from Xp. 


E42-6 The angle is given by sin@ = 2\/a. This is a small angle, so we can use the small angle 
approximation of sin@ = y/D. Then 


y = 2DX/a = 2(0.714 m) (593 x 107m) /(420 x 107m) = 2.02 mm. 
E42-7 Small angles, so y/D = sin@ = X/a. Then 
a = DX/y = (0.823 m)(546 x 107 °m) /(5.20 x 107 °m/2) = 1.73 x 10~4m. 
E42-8 (b) Small angles, so Ay/D = Am A/a. Then 
a = AmDX/Ay = (5 — 1)(0.413 m)(546 x 107 °m) /(0.350 x 107°m) = 2.58 mm. 


(a) 0 = arcsin(A/a) = arcsin[(546 x 1079m)/(2.58mm)] = 1.21x10~?°. 


E42-9 Small angles, so Ay/D = Am X/a. Then 


Ay = AmDX/a = (2 — 1)(2.94m)(589 x 107°m) /(1.16 x 107m) = 1.49 107°m. 
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E42-10 Doubling the width of the slit results in a narrowing of the diffraction pattern. Since the 
width of the central maximum is effectively cut in half, then there is twice the energy in half the 
space, producing four times the intensity. 


E42-11]| (a) This is a small angle approximation problem, so 


§ = (1.13 em)/(3.48 m) = 3.25 x 1073 rad. 
(b) A convenient measure of the phase difference, a is related to @ through Eq. 42-7, 


—6 
ae m(25.2 x 107 °m) 


31 2 1 = d = 0.4 d 
A (Gascony ee ae) Se 


(c) The intensity at a point is related to the intensity at the central maximum by Eq. 42-8, 


3 2 . 2 
Ig _ (sina\" _ sin(0.478 rad) coe 
a (0.478 rad) 


E42-12 Consider Fig. 42-11; the angle with the vertical is given by (7 — ¢)/2. For Fig. 42-10(d) 
the circle has wrapped once around onto itself so the angle with the vertical is (3a —@)/2. Substitute 
a into this expression and the angel against the vertical is 37/2 — a. 

Use the result from Problem 42-3 that tana = a for the maxima. The lowest non-zero solution 
is a = 4.49341 rad. The angle against the vertical is then 0.21898 rad, or 12.5°. 


E42-13 Drawing heavily from Sample Problem 42-4, 


6, = arcsin fa = arcsin aa = 2.54°. 
Ta 107 


E42-14 (a) Rayleigh’s criterion for resolving images (Eq. 42-11) requires that two objects have an 
angular separation of at least 


1.22 1.22(540 x 10-9) 
een eee _ —4 
Op = sin ( d ) = sin ( (4.90 x 10-3m) ) ~ 1.34 x 10~* rad 


Finally, AO = 20, =5.1°. 


(b) The linear separation is y = 6D = (1.34 x 10~* rad)(163 x 10°m) = 21.9m. 


E42-15| (a) Rayleigh’s criterion for resolving images (Eq. 42-11) requires that two objects have 
an angular separation of at least 


1.22X 1:32(562:< 10=°) 
6p = sin7? ( ——— ] =sin7! =i. 10~* rad. 
R = sin ( 7 ) sin ( (5.00 x 10-3m) 37 x 10°* ra 


(b) Once again, this is a small angle, so we can use the small angle approximation to find the 
distance to the car. In that case 0g = y/D, where y is the headlight separation and D the distance 
to the car. Solving, 


D=y/0R = (1.42m)/(1.37 x 107* rad) = 1.04 x 10*m, 


or about six or seven miles. 
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E42-16 y/D=1.22X/a; or 


E42-17 


D = (5.20x 1073m) (4.60 x 107? /m) /1.22(542 x 107 °m) = 36.2m. 


The smallest resolvable angular separation will be given by Eq. 42-11, 


oe 1.22 10-9 
6x = sin7' (=) = sin ( re = = 1.36 x 1077 rad, 


The smallest objects resolvable on the Moon’s surface by this telescope have a size y where 


y = DOp = (3.84 x 108 m)(1.36 x 1077 rad) = 52.2m 


B42-18 y/D=1.22X/a; or 


y = 1.22(1.57x 107?m) (6.25 x 10°m) /(2.33 m) = 51.4m 


E42-19 y/D=1.22X/a; or 


D = (4.8x107?m)(4.3 x 107? /m)/1.22(0.12 x 10~°m) = 1.4 10° m. 


E42-20 y/D=1.22X/a; or 


E42-21 


d = 1.22(550 x 10~°m) (160 x 10°m) /(0.30m) = 0.36 m. 


Using Eq. 42-11, we find the minimum resolvable angular separation is given by 


OR = sin! (=) Sia aman x 10~°m) 


= 1.32 x 10~* rad 
d (4.4 x 10-3m) ) ee 


The dots are 2 mm apart, so we want to stand a distance D away such that 


D > y/O0x = (2 x 1073m)/(1.32 x 1074 rad) = 15m. 


B42-22 y/D =1.22X/a; or 


E42-23 


y = 1.22(500 x 107 °m) (354 x 10°m) /(9.14m/2) = 4.73x 107? m. 


(a) \=v/f. Now use Eq. 42-11: 


(1450 m/s) Aas sieg 
santa ees 


6 = arcsin (1.22 


(b) Following the same approach, 


or (1450 m/s) 
6 = arcsin (1.2, x 103Hz)(0.60 m) 


has no real solution, so there is no minimum. 
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E42-24 (a) \=v/f. Now use Eq. 42-11: 


(3x 108 m/s) 
(220 x 10°Hz) (0.55 m) 


@ = arcsin (122 ) = 0.173°. 


This is the angle from the central maximum; the angular width is twice this, or 0.35°. 
(b) use Eq. 42-11: 


0.0157 
6 = arcsin 2c 


This is the angle from the central maximum; the angular width is twice this, or 0.94°. 


) = 0.471°. 


E42-25| The linear separation of the fringes is given by 


Ay r AD 
Pp ~AG= Gor Ay= 


for sufficiently small d compared to A. 

E42-26 (a) dsin@ = 4X gives the location of the fourth interference maximum, while asin@ = 
X gives the location of the first diffraction minimum. Hence, if d = 4a there will be no fourth 
interference maximum! 


(b) Since dsin 0m, = m;A gives the interference maxima and asin 0m, = ma gives the diffraction 
minima, and d = 4a, then whenever m; = 4mg, there will be a missing maximum. 


E42-27 (a) The central diffraction envelope is contained in the range 
a 
é = arcsin — 
a 
This angle corresponds to the mth maxima of the interference pattern, where 
sin 0 = m\/d = m\/2a. 
Equating, m = 2, so there are three interference bands, since the m = 2 band is “washed out” by 
the diffraction minimum. 
(b) If d=a then 6 = a and the expression reduces to 
2 
I@ = Tyco? >, 
Qa 


ay sin? (2a) . 
2a? 


sina’ \? 
21m ; 
a’ 


where a = 2a’, which is the same as replacing a by 2a. 


I 


E42-28 Remember that the central peak has an envelope width twice that of any other peak. 
Ignoring the central maximum there are (11 — 1)/2 = 5 fringes in any other peak envelope. 
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E42-29| (a) The first diffraction minimum is given at an angle 0 such that asin @ = A; the order 
of the interference maximum at that point is given by dsin@ = m.. Dividing one expression by the 
other we get d/a = m, with solution m = (0.150)/(0.030) = 5. The fact that the answer is exactly 5 
implies that the fifth interference maximum is squelched by the diffraction minimum. Then there are 
only four complete fringes on either side of the central maximum. Add this to the central maximum 
and we get nine as the answer. 

(b) For the third fringe m = 3, so dsin#@ = 3X. Then ( is Eq. 42-14 is 37, while a in Eq. 42-16 


is 


so the relative intensity of the third fringe is, from Eq. 42-17, 


(cos 377)? (ae = 0.255. 


P42-1 y=mAD/a. Then 
y = (10) (632.8 x 107 °m) (2.65 m) /(1.37x 107°m) = 1.224x107?m. 


The separation is twice this, or 2.45 cm. 


P42-2 Ifa> X then the diffraction pattern is extremely tight, and there is effectively no light at 
P. In the event that either shape produces an interference pattern at P then the other shape must 
produce an equal but opposite electric field vector at that point so that when both patterns from 
both shapes are superimposed the field cancel. 

But the intensity is the field vector squared; hence the two patterns look identical. 


P42-3] (a) We want to take the derivative of Eq. 42-8 with respect to a, so 


dig dy sina\? 
da da’ \ a ; 
- 7,9 (=) (== =) . 
a a a 
= 12 (a@cos a — sina). 
a 


This equals zero whenever sin a = 0 or acosa = sina; the former is the case for a minima while the 
latter is the case for the maxima. The maxima case can also be written as 


tana=a. 


(b) Note that as the order of the maxima increases the solutions get closer and closer to odd 
integers times 7/2. The solutions are 


a= 0, 1.437, 2.467, etc. 
(c) The m values are m = a/m — 1/2, and correspond to 
m = 0.5, 0.93, 1.96, ete. 


These values will get closer and closer to integers as the values are increased. 
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P42-4 The outgoing beam strikes the moon with a circular spot of radius 
r = 1.22\D/a = 1.22(0.69 x 10~°m)(3.82 x 108m) /(2 x 1.3m) = 123m. 


The light is not evenly distributed over this circle. 
If Po is the power in the light, then 


R 
Py= f tordrde = 20 f lor dr, 
0 


where R is the radius of the central peak and Jg is the angular intensity. For a >> we can write 
a = mar/AD, then 


DY fo? aa xD\? 
Py = 21m (~) | se da = alin (~) (0.82). 
0 Ta 


TA a 
Then the intensity at the center falls off with distance D as 
Im = 1.9(a/AD)* Po 

The fraction of light collected by the mirror on the moon is then 


(2 x 1.3m) 
(0.69 x 10-®m) (3.82 x 108m 


2 
P,/P9 = 1.9 ( ,) n(0.10m)* = 5.6x107~°. 


The fraction of light collected by the mirror on the Earth is then 


(2 x 0.10m) 
(0.69 x 10-®m) (3.82 x 108m 


2 
Po/P, =1.9 ( ;) n(1.3m)? = 5.6x10~°. 


Finally, P2/P5 =3x107". 


P42-5 (a) The ring is reddish because it occurs at the blue minimum. 
(b) Apply Eq. 42-11 for blue light: 


d = 1.22X/sin@ = 1.22(400 nm)/sin(0.375°) = 70 pm. 
(c) Apply Eq. 42-11 for red light: 
6 = arcsin (1.22(700 nm)/(70 um)) = 0.7°, 


which occurs 3 lunar radii from the moon. 


P42-6 The diffraction pattern is a property of the speaker, not the interference between the speak- 
ers. The diffraction pattern should be unaffected by the phase shift. The interference pattern, 
however, should shift up or down as the phase of the second speaker is varied. 


P42-7) (a) The missing fringe at 6 = 5° is a good hint as to what is going on. There should be 
some sort of interference fringe, unless the diffraction pattern has a minimum at that point. This 
would be the first minimum, so 


asin(5°) = (440 x 107m) 
would be a good measure of the width of each slit. Then a = 5.05 x 10~°m. 
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(b) If the diffraction pattern envelope were not present we could expect that the fourth interfer- 
ence maxima beyond the central maximum would occur at this point, and then 


dsin(5°) = 4(440 x 10~°m) 


yielding 
d = 2.02 x 107°m. 


(c) Apply Eq. 42-17, where G = mz and 


Ta. mam Ta 
a= sind = 7 =m = mn /4. 
Then for m = 1 we have j 
sin(7/4) 
I — a = eh Sd 
= 0 (ay) = 
while for m = 2 we have 1 
sin(27/4) 
In= —*~- ) =2.8. 
= ("Gay ) = 24 


These are in good agreement with the figure. 
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E43-1 (a) d= (21.5x 10-3m)/(6140) = 3.50x 10-®m. 
(b) There are a number of angles allowed: 


6 = arcsin{[(1)(589 x 10~°m)/(3.50x 10~°m)] = 9.7°, 
6 = arcsin[(2)(589 x 10~°m)/(3.50 x 10~°m)] = 19.5°, 
@ = arcsin|(3)(589 x 107~°m) /(3.50 x 107°m)] = 30.3°, 
6 = arcsin[(4)(589 x 10~°m)/(3.50 x 107~°m)] = 42.3°, 
§ = arcsin[(5)(589 x 107 °m) /(3.50 x 107°m)] = 57.3°. 


E43-2 The distance between adjacent rulings is 


-9 
q = 2)612x107m) _ 9 935 10-8m. 
sin(33.2°) 


The number of lines is then 


N = D/d= (2.86 x 10~?m) /(2.235 x 107°m) = 12, 800. 


E43-3] We want to find a relationship between the angle and the order number which is linear. 
We'll plot the data in this representation, and then use a least squares fit to find the wavelength. 
The data to be plotted is 


m 6 sind | m 0 sin 0 
1 17.6° 0.302 | -1 -17.6° -0.302 
2 37.3° 0.606 | -2 -37.1° -0.603 
3 65.2° 0.908 | -3 -65.0° -0.906 


On my calculator I get the best straight line fit as 
0.302m + 8.33 x 1074 = sinOp, 


which means that 
A = (0.302)(1.73 um) = 522 nm. 


E43-4 Although an approach like the solution to Exercise 3 should be used, we’ll assume that each 
measurement is perfect and error free. Then randomly choosing the third maximum, 


y _ dsind _ (5040 10~°m) sin(20.33°) 


= = 107°m. 
= B) 586 x 107-°m 


E43-5]| (a) The principle maxima occur at points given by Eq. 43-1, 


aN 


sin 0m =m. 
sin ae 


The difference of the sine of the angle between any two adjacent orders is 


‘ . r vA XX 
Sin O@m+1 — Sinb, = (m4 1)5 m= 
Using the information provided we can find d from 
1 —9 
ie r = (600 x 107”) 8 ia 


~ sinO@m41—sin8,, (0.30) — (0.20) 
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It doesn’t take much imagination to recognize that the second and third order maxima were given. 
(b) If the fourth order maxima is missing it must be because the diffraction pattern envelope has 
a minimum at that point. Any fourth order maxima should have occurred at sin 64 = 0.4. If it is a 
diffraction minima then 
asin 6,, = mA where sin 6,, = 0.4 


We can solve this expression and find 


a noe vy (O00 10m) 
sinOm (0.4) 


=ml1.5 um. 


The minimum width is when m = 1, or a= 1.5 yum. 
(c) The visible orders would be integer values of m except for when m is a multiple of four. 


E43-6 (a) Find the maximum integer value of m = d/A = (930 nm)/(615 nm) = 1.5, hence 
m = —1,0,+1; there are three diffraction maxima. 
(b) The first order maximum occurs at 


6 = arcsin(615 nm)/(930 nm) = 41.4°. 


The width of the maximum is 


(615 nm) “gy 
0 = =. 1 d 
°V—“Gieo) os umyeosaiasy 


or 0.0451°. 


E43-7 The fifth order maxima will be visible if d/A > 5; this means 


d  (1x10-3m) 
ASE = 635 x 107°m. 
~ 5 (315 rulings) (5) a a 


E43-8 (a) The maximum could be the first, and then 


_ dsind — (1x107%m) sin(28°) 


= = 2367x 10-9m. 
m (200) (1) es 


A 


That’s not visible. The first visible wavelength is at m= 4, then 


dsin@O (1x10~%m) sin(28°) _9 
A= = = 589x 10 : 
m (200)(4) ae 


The next is at m = 5, then 


dsin@ (1x10~%m) sin(28°) _9 
iS = = 469 x 107°m. 
m (200) (5) a 


Trying m = 6 results in an ultraviolet wavelength. 
(b) Yellow-orange and blue. 
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E43-9| A grating with 400 rulings/mm has a slit separation of 


1 
~ 400 mm-! 
To find the number of orders of the entire visible spectrum that will be present we need only consider 


the wavelength which will be on the outside of the maxima. That will be the longer wavelengths, so 
we only need to look at the 700 nm behavior. Using Eq. 43-1, 


d = 2.5 x 107? mm. 


dsind = m4, 
and using the maximum angle 90°, we find 


d (2.5.x 10-%m) 
<X > (700 x 10m) 


so there can be at most three orders of the entire spectrum. 


E43-10 In this case d = 2a. Since interference maxima are given by sin @ = mA/d while diffraction 
minima are given at sin? = m’/A/a = 2m’X/d then diffraction minima overlap with interference 
maxima whenever m = 2m’. Consequently, all even m are at diffraction minima and therefore 
vanish. 


E43-11| Ifthe second-order spectra overlaps the third-order, it is because the 700 nm second-order 
line is at a larger angle than the 400 nm third-order line. 

Start with the wavelengths multiplied by the appropriate order parameter, then divide both side 
by d, and finally apply Eq. 43-1. 


2(700 nm) > 3(400 nm), 

2(700 nm) 3 3(400 nm) 
d d : 

sin 2,,=700 > sin 43,=400, 


regardless of the value of d. 


E43-12 Fig. 32-2 shows the path length difference for the right hand side of the grating as dsin 6. 
If the beam strikes the grating at ang angle w then there will be an additional path length difference 
of dsinw on the right hand side of the figure. The diffraction pattern then has two contributions to 
the path length difference, these add to give 


d(sin 6 + sin pst) = mX. 
E43-13 


E43-14 Let dsin 6; = ri and A, + 20° = Ao. Then 


sin 62 = sin 6; cos(20°) + cos 6; sin(20°). 


sin 02 = sin 6; cos(20°) + 4/1 — sin? 6; sin(20°). 


Substituting the equations together yields a rather nasty expression, 


* Z “1 cos(20°) + JT = 0u/d? sin(20°). 


Rearranging, 
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Rearranging, 
(Az — Ax cos(20°))? = (d? — 7) sin?(20°). 


Use A, = 430 nm and Az = 680 nm, then solve for d to find d = 914 nm. This corresponds to 1090 
rulings/mm. 
E43-15 The shortest wavelength passes through at an angle of 
6, = arctan(50 mm) /(300 mm) = 9.46°. 
This corresponds to a wavelength of 


(1x 10-°m) sin(9.46°) 
(350) 


\y = = 470x107 °m. 


The longest wavelength passes through at an angle of 
62 = arctan(60 mm) /(300 mm) = 11.3°. 
This corresponds to a wavelength of 


(1x 10-?m) sin(11.3°) 


= 560 x 10-9m. 
(350) ia 


A2 = 


E43-16 (a) AA=A/R= A/Nm, so 
AX = (481 nm) /(620 rulings/mm)(5.05 mm)(3) = 0.0512 nm. 
(b) mm is the largest integer smaller than d/A, or 
Mm < 1/(481 x 10~°m)(620 rulings/mm) = 3.35, 


so m = 3 is highest order seen. 


E43-17| The required resolving power of the grating is given by Eq. 43-10 


A (589.0 nm) 
nA Geen) ORO OEm) 


Our resolving power is then R = 1000. 
Using Eq. 43-11 we can find the number of grating lines required. We are looking at the second- 
order maxima, so 


R__ (1000) 
—_ = 500. 
m (2) ONT 
E43-18 (a) N = R/m= X/mA), so 
(415.5 nm) 


N= = 23100. 


(2)(415.496 nm — 415.487 nm) 
(b) d= w/N, where w is the width of the grating. Then 


(23100)(2)(415.5 x 10-°m) 


= 27.6°. 
(4.15 x 10-2m) 


~ mx 
6 = arcsin Sac = arcsin 


224 


E43-19 N = R/m= X/mA), so 


(656.3 nm) 
N= —————__ = 3650 
(1)(0.180 nm) : 


E43-20 Start with Eq. 43-9: 


—  m — dsin@/ _ tané 
~ dcos@  dcosO  X- 


E43-21]| (a) We find the ruling spacing by Eq. 43-1, 


— md _ (3)(589 nm) | 
oS Ga, 0 enloaee 


(b) The resolving power of the grating needs to be at least R = 1000 for the third-order line; see 
the work for Ex. 43-17 above. The number of lines required is given by Eq. 43-11, 


R _ (1000) 
m 


NaS = 333, 


(3) 


so the width of the grating (or at least the part that is being used) is 333(9.98 um) = 3.3 mm. 


E43-22 (a) Condition (1) is satisfied if 
d > 2(600 nm)/sin(30°) = 2400 nm. 


The dispersion is maximal for the smallest d, so d = 2400 nm. 
(b) To remove the third order requires d = 3a, or a = 800 nm. 


E43-23 (a) The angles of the first three orders are 
(1)(589 x 10~°m) (40000) 


6; = arcsin (76x 103m) = 18.1°, 
______ (2)(589x1079m)(40000) 5 a 
62 = arcsin (76x 103m) = 38.3", 
_ (3)(589 x 10-%m)(40000) : 
63° = = 68.4". 
5 eee C76 x 103m) 
The dispersion for each order is 
(1)(40000) 360° ie 
Pr @exi0um)cslal) a 
(2) (40000) 360° = 
Dy = =7.7x 10 
2 (76x 10®nm) cos(38.3°) 2m ea a 
(3)(40000) 360° oe 
me TEOmicOR) of 
(b) R= Nm, so 
R, = (40000)(1) = 40000, 
Ry = (40000)(2) = 80000, 
Rs; = (40000)(3) = 120000. 
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E43-24 d=mA2/2sin8@, so 


(2)(0.122 nm) 
S —_. 2 . 
oo eOaiN 


E43-25| Bragg reflection is given by Eq. 43-12 


2dsiné = mA, 


where the angles are measured not against the normal, but against the plane. The value of d depends 
on the family of planes under consideration, but it is at never larger than ag, the unit cell dimension. 

We are looking for the smallest angle; this will correspond to the largest d and the smallest m. 
That means m = 1 and d= 0.313 nm. Then the minimum angle is 


_, (1)(29.3 x 107}? m) 


= 2.68°. 
2(0.313 x 10-9 m) ° 


6 = sin 


E43-26 2d/r =sin 0, and 2d/2X = sin 02. Then 


62 = arcsin[2 sin(3.40°)] = 6.81°. 


E43-27| We apply Eq. 43-12 to each of the peaks and find the product 


mA = 2dsin 6. 


The four values are 26 pm, 39 pm, 52 pm, and 78 pm. The last two values are twice the first two, 
so the wavelengths are 26 pm and 39 pm. 


E43-28 (a) 2dsin? =m, so 


(3)(96.7 pm) 
ee nl pe, 
1 Seaeeeay 7 ee 


(b) A = 2(171 pm) sin(23.2°) /(1) = 135 pm. 
E43-29 The angle against the face of the crystal is 90° — 51.3° = 38.7°. The wavelength is 
A = 2(39.8 pm) sin(38.7°)/(1) = 49.8 pm. 
E43-30 If \ > 2d then A/2d > 1. But 
\/2d = sin O/m. 
This means that sin@ > m, but the sine function can never be greater than one. 


E43-31 There are too many unknowns. It is only possible to determine the ratio d/X. 


E43-32 A wavelength will be diffracted if mA = 2dsin 0. The possible solutions are 


A3 2(275 pm) sin(47.8)/(3) = 136 pm, 
Ag = 2(275 pm) sin(47.8)/(4) = 102 pm. 
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E43-33] We use Eq. 43-12 to first find d; 


= MA. _ (0.261 x 10- m) 
~ 2sind 2 sin(63.8°) 


= 1.45 x 107'° m. 


d is the spacing between the planes in Fig. 43-28; it correspond to half of the diagonal distance 
between two cell centers. Then 
(2d)* = ag + 49, 
or 
ay = V2d = V2(1.45 x 1071° m) = 0.205 nm. 


E43-34 Diffraction occurs when 2dsin@ = mA. The angles in this case are then given by 


(0.125 x 10-9m) 
2(0.252 x 109m) 


sind =m 


= (0.248)m. 


There are four solutions to this equation. They are 14.4°, 29.7°, 48.1°, and 82.7°. They involve 
rotating the crystal from the original orientation (90° — 42.4° = 47.6°) by amounts 


A7.6° —14.4° = 33.2°, 
A7.6° —29.7° = 17.9°, 
A7.6° —48.1° = —0.5°, 
A7.6° —82.7° = —35.1°. 


P43-1| Since the slits are so narrow we only need to consider interference effects, not diffraction 
effects. There are three waves which contribute at any point. The phase angle between adjacent 
waves is 


@ = 2ndsin0/X. 


We can add the electric field vectors as was done in the previous chapters, or we can do it in a 
different order as is shown in the figure below. 


Then the vectors sum to 
E(1+2cos @). 


We need to square this quantity, and then normalize it so that the central maximum is the maximum. 
Then 
(1 + 4cos ¢ + 4 cos? 6) 


i Bon 
9 
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P43-2 (a) Solve ¢ for I = Im /2, this occurs when 
ee 
V2 


or ¢ = 0.976 rad. The corresponding angle 6, is 


=1+2cos4, 


_ Ad — X(0.976) A 


Rn Ind 2d 6.44d 


But Aé@ = 26,, so 
r 


* 32d 
(b) For the two slit pattern the half width was found to be A@ = A/2d. The half width in the 
three slit case is smaller. 


Aé 


P43-3| (a) and (b) A plot of the intensity quickly reveals that there is an alternation of large 
maximum, then a smaller maximum, etc. The large maxima are at ¢ = 2nz, the smaller maxima 
are half way between those values. 

(c) The intensity at these secondary maxima is then 


(1+4cost+4cos*m) — Im 
9 ~ 9 


I=I1y 
Note that the minima are not located half-way between the maxima! 


P43-4 Covering up the middle slit will result in a two slit apparatus with a slit separation of 2d. 
The half width, as found in Problem 41-5, is then 


Aé = d/2(2d), = /4d, 


which is narrower than before covering up the middle slit by a factor of 3.2/4 = 0.8. 


P43-5 (a) If N is large we can treat the phasors as summing to form a flexible “line” of length 
NOE. We then assume (incorrectly) that the secondary maxima occur when the loop wraps around 
on itself as shown in the figures below. Note that the resultant phasor always points straight up. 
This isn’t right, but it is close to reality. 


D @ 
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The length of the resultant depends on how many loops there are. For k = 0 there are none. 
For k = 1 there are one and a half loops. The circumference of the resulting circle is 2N6E/3, the 
diameter is NOE/3m. For k = 2 there are two and a half loops. The circumference of the resulting 
circle is 2NOE/5, the diameter is NOE/5z. The pattern for higher k is similar: the circumference 
is 2NOE/(2k +1), the diameter is NOE/(k + 1/2)z. 

The intensity at this “approximate” maxima is proportional to the resultant squared, or 


N6E)? 
Re Pes 
(k+1/2)272 
but Im is proportional to (N6E)?, so 


1 


| a ce a 
i (k + 1/2)212 


(b) Near the middle the vectors simply fold back on one another, leaving a resultant of 6F. Then 


(NSE)? 
Ty x (6E)? = N2 5) 
sO I 
I = WN2’ 


(c) Let a have the values which result in sina = 1, and then the two expressions are identical! 


P43-6 (a) v = fA, so bu = fdA+Xdf. Assuming dv = 0, we have df/f = —dA/A. Ignore the 
negative sign (we don’t need it here). Then 


R= : eee © 
Ar — Af - AAT? 
and then Z F 
Af=—— = ‘ 
t RX Nmx 


(b) The ray on the top gets there first, the ray on the bottom must travel an additional distance 
of Ndsin@. It takes a time 
At = Ndsin0/c 


to do this. 
(c) Since mA = dsin @, the two resulting expression can be multiplied together to yield 
ce Ndsin@d _ 1 


(Af(at) = 


This is almost, but not quite, one of Heisenberg’s uncertainty relations! 


P43-7 (b) We sketch parallel lines which connect centers to form almost any right triangle similar 
to the one shown in the Fig. 43-18. The triangle will have two sides which have integer multiple 
lengths of the lattice spacing ag. The hypotenuse of the triangle will then have length Wh? + kao, 
where h and & are the integers. In Fig. 43-18 h = 2 while k = 1. The number of planes which cut 
the diagonal is equal to h? + k? if, and only if, h and k are relatively prime. The inter-planar spacing 
is then 
i h2 + kao = ao 
PR RR 
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(a) The next five spacings are then 


h=1, k=1, d = ao/v2, 
h=1, =2, d = ao/v5, 
h=1, k=3, d = ao/V10, 
h=2, k=3, d = ao/V13, 
h=1, =4, d= ag /V17. 


P43-8 The middle layer cells will also diffract a beam, but this beam will be exactly 7 out of phase 
with the top layer. The two beams will then cancel out exactly because of destructive interference. 
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E44-1] (a) The direction of propagation is determined by considering the argument of the sine 
function. As t increases y must decrease to keep the sine function “looking” the same, so the wave 
is propagating in the negative y direction. 

(b) The electric field is orthogonal (perpendicular) to the magnetic field (so E, = 0) and the 
direction of motion (so E, = 0); Consequently, the only non-zero term is E,. The magnitude of E 


will be equal to the magnitude of B times c. Since S=ExB /to, when B points in the positive 
x direction then E must point in the negative z direction in order that Ss point in the negative y 
direction. Then 
E, = —cBsin(ky + wt). 
(c) The polarization is given by the direction of the electric field, so the wave is linearly polarized 


in the z direction. 


E44-2 Let one wave be polarized in the x direction and the other in the y direction. Then the net 
electric field is given by E? = E? + os or 


E? = EG (sin*(kz — wt) + sin?(kz — wt + 8)), 
where ( is the phase difference. We can consider any point in space, including z = 0, and then 


average the result over a full cycle. Since @ merely shifts the integration limits, then the result is 
independent of @. Consequently, there are no interference effects. 


E44-3 (a) The transmitted intensity is [g/2 = 6.1x10-3W/m?. The maximum value of the electric 
field is 


Em = V/2pocl = V/2(1.26 x 10-&H/m) (3.00 x 108m/s) (6.1 x 10-3W /m?) = 2.15 V/m. 
(b) The radiation pressure is caused by the absorbed half of the incident light, so 


p= I/c= (6.1x 107-3 W/m”) /(3.00 x 10°m/s) = 2.03 x 107 "Pa. 


E44-4 The first sheet transmits half the original intensity, the second transmits an amount pro- 
portional to cos? @. Then I = (Ip/2) cos? 6, or 


6 = arccos V/2I/Ip = arccos \/2(Ip/3)/1935.3°. 


E44-5| The first sheet polarizes the un-polarized light, half of the intensity is transmitted, so 
= $1o. 
The second sheet transmits according to Eq. 44-1, 


1 1 
Tp = I, cos? 0 = 50 cos?(45°) = rm 


and the transmitted light is polarized in the direction of the second sheet. 
The third sheet is 45° to the second sheet, so the intensity of the light which is transmitted 
through the third sheet is 


1 1 
Iz = Ip cos? 0 = ql cos?(45°) = glo 
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E44-6 The transmitted intensity through the first sheet is proportional to cos? 6, the transmitted 
intensity through the second sheet is proportional to cos?(90° — @) = sin? 6. Then 


I = Ip cos? 6 sin? 6 = (Ip/4) sin? 20, 
or i ‘ 
d= 5 arcsin \/4I/Ip = 5 arcsin y/4(0.100Jo)/Io = 19.6°. 
Note that 70.4° is also a valid solution! 


E44-7 The first sheet transmits half of the original intensity; each of the remaining sheets transmits 
an amount proportional to cos? 6, where 6 = 30°. Then 


1 1 
Fors (cos? 0)” 5 (cos(30°))° = 0.211 
0 


E44-8 The first sheet transmits an amount proportional to cos? 0, where 0 = 58.8°. The second 
sheet transmits an amount proportional to cos?(90° — @) = sin? 6. Then 


I = Ip cos? Osin? 6 = (43.3 W/m?) cos?(58.8°) sin?(58.8°) = 8.50 W/m?. 


E44-9| Since the incident beam is unpolarized the first sheet transmits 1/2 of the original intensity. 
The transmitted beam then has a polarization set by the first sheet: 58.8° to the vertical. The second 
sheet is horizontal, which puts it 31.2° to the first sheet. Then the second sheet transmits cos?(31.2°) 
of the intensity incident on the second sheet. The final intensity transmitted by the second sheet 
can be found from the product of these terms, 


I = (43.3 W/m?) (5) (cos?(31.2°)) = 15.8 W/m’. 


E44-10 4, = arctan(1.53/1.33) = 49.0°. 


E44-11]| (a) The angle for complete polarization of the reflected ray is Brewster’s angle, and is 
given by Eq. 44-3 (since the first medium is air) 


ps stan mS tan. (138) Soan 


(b) Since the index of refraction depends (slightly) on frequency, then so does Brewster’s angle. 


E44-12  (b) Since 0; + 6p = 90°, 8) = 90° — (31.8°) = 58.2°. 
(a) n = tan 6, = tan(58.2°) = 1.61. 


E44-13 The angles are between 
(p= tan a = tan (Larose I 


and 
6p = tan” 'n = tan *(1.456) = 55.52°. 


E44-14 The smallest possible thickness t will allow for one half a wavelength phase difference for 
the o and e waves. Then Ant = \/2, or 


t = (525 x 107-°m)/2(0.022) = 1.2x107°m. 
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E44-15| (a) The incident wave is at 45° to the optical axis. This means that there are two 
components; assume they originally point in the +y and +z direction. When they travel through 
the half wave plate they are now out of phase by 180°; this means that when one component is in 
the +y direction the other is in the —z direction. In effect the polarization has been rotated by 90°. 

(b) Since the half wave plate will delay one component so that it emerges 180° “later” than it 
should, it will in effect reverse the handedness of the circular polarization. 

(c) Pretend that an unpolarized beam can be broken into two orthogonal linearly polarized 
components. Both are then rotated through 90°; but when recombined it looks like the original 
beam. As such, there is no apparent change. 


E44-16 The quarter wave plate has a thickness of x = A/4An, so the number of plates that can 
be cut is given by 
N = (0.250 x 107?m)4(0.181)/(488 x 107 °m) = 371. 


P44-1| Intensity is proportional to the electric field squared, so the original intensity reaching the 
eye is Ig, with components I), = (2.3)?J,, and then 


Ih=Inti, =6.31, or I, = 0.16]. 


Similarly, I, = (2.3)?1, = 0.84Jp. 
(a) When the sun-bather is standing only the vertical component passes, while 
(b) when the sun-bather is lying down only the horizontal component passes. 


P44-2 The intensity of the transmitted light which was originally unpolarized is reduced to I,/2, 
regardless of the orientation of the polarizing sheet. The intensity of the transmitted light which 
was originally polarized is between 0 and J,, depending on the orientation of the polarizing sheet. 
Then the maximum transmitted intensity is [,/2+,, while the minimum transmitted intensity is 
I,/2. The ratio is 5, so 


p> 


Ly/24+1 I 
j= ees ee 


T,/2 Pe 
or Ip/Iy = 2. Then the beam is 1/3 unpolarized and 2/3 polarized. 


P44-3]| Each sheet transmits a fraction 


7 
ee een 
cos’ @ COs ( WN ) “ 


There are N sheets, so the fraction transmitted through the stack is 


We want to evaluate this in the limit as N — co. 
As N gets larger we can use a small angle approximation to the cosine function, 


1 
cosa & 1 — 5a forr<l 


(eee) 
(5%) 
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The the transmitted intensity is 


This expression can also be expanded in a binomial expansion to get 


1:6? 


1—-2N-—~ 
2 N?’ 


which in the limit as N — oo approaches 1. 
The stack then transmits all of the light which makes it past the first filter. Assuming the light 
is originally unpolarized, then the stack transmits half the original intensity. 


Pp44-4 


(a) Stack several polarizing sheets so that the angle between any two sheets is sufficiently 


small, but the total angle is 90°. 
(b) The transmitted intensity fraction needs to be 0.95. Each sheet will transmit a fraction 
cos? 6, where 6 = 90°/N, with N the number of sheets. Then we want to solve 


0.95 = (cos?(90°/N))” 


for N. For large enough N, @ will be small, so we can expand the cosine function as 


so 


cos? @ = 1—sin?6 = 1-0, 


0.95 = (1 — (n/2N)?)* & 1 — N(m/2NY?, 


which has solution N = 7?/4(0.05) = 49. 


P44-5 


Since passing through a quarter wave plate twice can rotate the polarization of a linearly 


polarized wave by 90°, then if the light passes through a polarizer, through the plate, reflects off the 
coin, then through the plate, and through the polarizer, it would be possible that when it passes 
through the polarizer the second time it is 90° to the polarizer and no light will pass. You won’t see 


the coin. 


On the other hand if the light passes first through the plate, then through the polarizer, then is 
reflected, the passes again through the polarizer, all the reflected light will pass through he polarizer 
and eventually work its way out through the plate. So the coin will be visible. 

Hence, side A must be the polarizing sheet, and that sheet must be at 45° to the optical axis. 


P44-6 


(a) The displacement of a ray is given by 


tan On = yp /t, 


so the shift is 


Ay = t(tan 0. — tan 6). 


Solving for each angle, 


6. = arcsin sin(38.8°) | = 24.94°, 


6, = arcsin 


Cec 
( 


) 
a sin(38.8°)) = 22.21°. 


The shift is then 


Ay = (1.12 107?m) (tan(24.94) — tan(22.21)) = 6.35x1074m. 


(b) The e-ray bends less than the o-ray. 

(c) The rays have polarizations which are perpendicular to each other; the o-wave being polarized 
along the direction of the optic axis. 

(d) One ray, then the other, would disappear. 
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P44-7 The method is outline in Sample Problem 44-24; use a polarizing sheet to pick out the o-ray 
or the e-ray. 
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E45-1]| (a) The energy of a photon is given by Eq. 45-1, E = hf, so 


B=hf=~. 


Putting in “best” numbers 


6.62606876 x 10734) 
he= “ STIS wa (2.99792458 x 10°m/s) = 1.23984 107° eV- m. 


This means that hc = 1240 eV - nm is accurate to almost one part in 8000! 
(b) & = (1240 eV - nm)/(589 nm) = 2.11 eV. 


E45-2 Using the results of Exercise 45-1, 
(1240 eV - nm) 


A= = 2100 
(0.60 eV) aa, 
which is in the infrared. 
E45-3 Using the results of Exercise 45-1, 
(1240 eV - nm) 
Ey = ———_ = 3.31 eV 
, (375 nm) a 
Me 1240 eV 
E,= (1240 eV - nm) = 2.14 eV, 


(580 nm) 
The difference is AF = (3.307 eV) — (2.138 eV) = 1.17 eV. 


E45-4 P= E/t, so, using the result of Exercise 45-1, 


(1240 eV - nm) 


= 230 eV/s. 


That’s a small 3.68 x 107!7W. 


E45-5| When talking about the regions in the sun’s spectrum it is more common to refer to 
wavelengths than frequencies. So we will use the results of Exercise 45-1(a), and solve 


\ = he/E = (1240 eV - nm)/E. 


The energies are between E = (1.0 x 10!8J)/(1.6 x 10~1°C) = 6.25 eV and E = (1.0x 10'®J)/(1.6 x 
10~'°C) = 625 eV. These energies correspond to wavelengths between 198 nm and 1.98 nm; this is 
the ultraviolet range. 


E45-6 The energy per photon is E = hf = hc/X. The intensity is power per area, which is energy 


per time per area, so 
P E nhe hen 


A At At dA’ 


But R = n/t is the rate of photons per unit time. Since A and c are constants and I and A are equal 
for the two beams, we have R,/A1 = Ro/A2, or 


Ri/Ro = Ai /A2. 
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E45-7| (a) Since the power is the same, the bulb with the larger energy per photon will emits 
fewer photons per second. Since longer wavelengths have lower energies, the bulb emitting 700 nm 
must be giving off more photons per second. 

(b) How many more photons per second? If FE; is the energy per photon for one of the bulbs, 
then N, = P/E; is the number of photons per second emitted. The difference is then 


P P P 


N, — No= — 
x é By Ey he 


(Ai A2); 


or 


(130 W) 


N,—N2 = 
2 (6.63 x 10-34J-s) (3.00 x 108m/s) 


((700 x 10~°m) — (400x107 °m)) = 1.96 x 107°. 


E45-8 Using the results of Exercise 45-1, the energy of one photon is 


(1240 eV - nm) 
poe eee 
(630 nm) ae 


The total light energy given off by the bulb is 
E,, = Pt = (0.932)(70 W)(730 hr)(3600 s/hr) = 1.71 x 10°J. 
The number of photons is 


Et (1.71 x 108J) 7 
Sine = 5.431026, 
"= Ey (1.968 eV)(1.6x 10-93 eV) . 


E45-9 Apply Wien’s law, Eq. 45-4, AmaxT’ = 2898 um - K; so 


(2898 ym - K) 6 


Actually, the wavelength was supposed to be 32 ym. Then the temperature would be 91K. 


E45-10 Apply Wien’s law, Eq. 45-4, AmaxT = 2898 wm - K; so 


je (2898 ym - K) =p 48s 
(0.0020K) 


This is in the radio region, near 207 on the FM dial. 


E45-11 The wavelength of the maximum spectral radiancy is given by Wien’s law, Eq. 45-4, 
Amax!' = 2898 um - K. 


Applying to each temperature in turn, 

a) A= 1.06 10~%m, which is in the microwave; 

b) \=9.4x10~°m, which is in the infrared; 

c) \=1.6x10~°m, which is in the infrared; 

d) A =5.0x10~'m, which is in the visible; 

e) \ = 2.9x1071°m, which is in the x-ray; 

f) X= 2.9x107-4!m, which is in a hard gamma ray. 
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E45-12 (a) Apply Wien’s law, Eq. 45-4, AmaxT’ = 2898 wm - K.; so 


(2898 um - K) _4 
A= ——— = 5.00x 10 : 
(5800 K) ie 
That’s blue-green. 
(b) Apply Wien’s law, Eq. 45-4, AmaxT’ = 2898 wm - K.; so 
(2898 um - K) 


pa Se 570K, 
(550x 109m) 


E45-13 [I =oT* and P=JA. Then 
P = (5.67 x 10~8W/m? - K*)(1900 K)47(0.5 x 107 3m)? = 0.58 W. 
E45-14 Since J « T+, doubling T results in a 24 = 16 times increase in J. Then the new power 


level is 
(16)(12.0 mW) = 192 mW. 


E45-15| (a) We want to apply Eq. 45-6, 


Qnc7h 1 
NS ehc/AkT _ 1° 


R(,T) = 


We know the ratio of the spectral radiancies at two different wavelengths. Dividing the above 
equation at the first wavelength by the same equation at the second wavelength, 


2 ae (CNS = 1) 


3.5 = ae (ehe/A2kr _ 1) : 


where A; = 200 nm and Az = 400 nm. We can considerably simplify this expression if we let 
fone ehe/rokT 


because since Ag = 21 we would have 


ehe/MkT _ p2he/AgkT _ 92 


Then we get 


(1) a eats 
re el aes ge Pee 


We will use the results of Exercise 45-1 for the exponents and then rearrange to get 


fe (3.10 eV) 7 
T= \yein(iil) ~ (8.62x10-> eV/Kyn(i) ~— 40% 


(b) The method is the same, except that instead of 3.5 we have 1/3.5; this means the equation 
for x is 


1 1 
35 39 (t+ 1), 


with solution x = 8.14, so then 


he = (3.10 eV) — 17200K. 


T — 
\ikIn(8.14) (8.62 10-5 eV/K) In(8.14) 
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E45-16 hf = 4, so 
@ (5.32 eV) ie 
ae ieee = 1.28x10!Hz. 
i= 9 @aasa0 INS) one eed 


E45-17 We'll use the results of Exercise 45-1. Visible red light has an energy of 


(1240 eV - nm) 


poe 
(650 nm) 


=1.9 eV. 


The substance must have a work function less than this to work with red light. This means that 
only cesium will work with red light. Visible blue light has an energy of 


(1240 eV - nm) 


= —_ 
(450 nm) 


= 2.75 eV. 
This means that barium, lithium, and cesium will work with blue light. 


E45-18 Since Ky, = hf — 4, 


Ky = (4.14x107 eV - s)(3.19 x 10'°Hz) — (2.33 eV) = 10.9 eV. 


E45-19| (a) Use the results of Exercise 45-1 to find the energy of the corresponding photon, 


he (1240 eV - nm) 
x (678 nm) : 


Since this energy is less than than the minimum energy required to remove an electron then the 
photo-electric effect will not occur. 
(b) The cut-off wavelength is the longest possible wavelength of a photon that will still result in 
the photo-electric effect occurring. That wavelength is 
(1240 eV-nm) (1240 eV- nm) 


XE = = 544 nm. 
E (2.28 eV) ous 


This would be visible as green. 


E45-20 (a) Since Km = hc/A — ¢, 


(1240 eV - nm) 


(eee 
(200 nm) 


(4.2 eV) = 2.0 eV. 
(b) The minimum kinetic energy is zero; the electron just barely makes it off the surface. 
(c) Vs = Km/q = 2.0V. 
(d) The cut-off wavelength is the longest possible wavelength of a photon that will still result in 
the photo-electric effect occurring. That wavelength is 
(1240 eV-nm) = (1240 eV - nm) 


A E (4.2 eV) oe 


E45-21 Ky, =qV; = 4.92 eV. But Km = he/A— ¢, 80 


(1240 eV - nm) 


x — 
(4.92 eV + 2.28 eV) 


= 172 nm. 
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E45-22 (a) Km = qVs and Ky = hc/A — ¢. We have two different values for gVs and X, so 
subtracting this equation from itself yields 


UV sa a V5.2) = he/ry — he/ da. 
Solving for Az, 
he 
he/r1 — Gig 4 = Vs2) 
(1240 eV - nm) 


(1240 eV - nm) /(491 nm) — (0.710 eV) + (1.43 eV)’ 
= 382 nm. 


r2 


(b) Km = qVs and Ky, = hc/X — ¢, so 
@ = (1240 eV - nm)/(491 nm) — (0.710 eV) = 1.82 eV. 


E45-23| (a) The stopping potential is given by Eq. 45-11, 


so 
(1240 eV-nm) (1.85 eV _ 


e(410 nm 


(b) These are not relativistic electrons, so 


Yo= 


v= (2K /m = c\/2K/me2 = cv/2(1.17 eV) /(0.511 x 108 eV) = 2.14107 3c, 
or v = 64200 m/s. 


E45-24 It will have become the stopping potential, or 


h 
Vo _ =f a an 
e e 
ms 4.14x107!5eV 2.49 eV 
oa al a) -™) 6.33 x 10!4/s) — aie = 0.131V. 
E45-25 


E45-26 (a) Using the results of Exercise 45-1, 


(1240 eV - nm) 
je ee EE 6 pn: 
(20x 108 eV) oe 


(b) This is in the x-ray region. 


E45-27 (a) Using the results of Exercise 45-1, 


(1240 eV - nm) 
@reosan) 


(b) f =c/ = (3x 108m/s)/(41.6 pm) = 7.21 x 10!8/s. 
(c) p= E/c = 29, 800 eV/c = 2.98 x 104 eV/c. 
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E45-28 (a) E=hf, so 

(0.511 x 10%eV) 
f= (4.14 x 10-15eV - s) 

(b) \ = c/f = (3x 108m/s) /(1.23x 1029/s) = 2.43 pm. 

(c) p= E/c= (0.511x10%eV)/c. 


= 1.23x.10?°/s. 


E45-29| The initial momentum of the system is the momentum of the photon, p = h/X. This 
momentum is imparted to the sodium atom, so the final speed of the sodium is v = p/m, where m 
is the mass of the sodium. Then 

h (6.63 x 10-34] - s) 


~ dm =2. 
° Am (589 x 10-%m) (23) (1.7 x 10-27kg) 9 cm/s 


E45-30 (a) Ac = h/mc = he/mc?, so 


124 ‘nm 
c= nasi = 2.43 pm. 
(c) Since Ey, = hf = he/A, and \ = h/mc = hce/mc?, then 

Ey = he/\ = me’. 
(b) See part (c). 


E45-31 The change in the wavelength of a photon during Compton scattering is given by Eq. 
45-17, 


h 
N = \+ —(1-cos@). 
me 


We'll use the results of Exercise 45-30 to save some time, and let h/mc = Ac, which is 2.43 pm. 
(a) For ¢ = 35°, 


XN’ = (2.17 pm) + (2.43 pm)(1 — cos 35°) = 2.61 pm. 
(b) For ¢ = 115°, 
X = (2.17 pm) + (2.43 pm)(1 — cos 115°) = 5.63 pm. 


E45-32 (a) We'll use the results of Exercise 45-1: 


(1240 eV - nm) 
hee As int 
(0.511 x 10%eV) one 


(b) The change in the wavelength of a photon during Compton scattering is given by Eq. 45-17, 
; h 
N = + —(1—-cos 9). 
mc 
We'll use the results of Exercise 45-30 to save some time, and let h/mc = Ac, which is 2.43 pm. 
d = (2.43 pm) + (2.43 pm) (1 — cos 72°) = 4.11 pm. 
(c) We’ll use the results of Exercise 45-1: 


(1240 eV - nm) 


Nae Ve 0 kee 
(4.11 pm) om 


E= 
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E45-33| The change in the wavelength of a photon during Compton scattering is given by Eq. 
45-17, 


i (1 — cos @). 


me 
We are not using the expression with the form AX because AX and AE are not simply related. 

The wavelength is related to frequency by c = fA, while the frequency is related to the energy 
by Eq. 45-1, F = hf. Then 


N-\= 


AE = B-—E' =hf—hf’, 


1 1 
he{ — — — 
: G ¥) | 
NX 
as ye. 
Into this last expression we substitute the Compton formula. Then 


h? (1 — cos @) 
AE = ———_+ 
m AN 


Now FE = hf = hc/X, and we can divide this on both sides of the above equation. Also, X’ = c/f", 
and we can substitute this into the right hand side of the above equation. Both of these steps result 
in 


I 


AE hf" 
a en (1 — cos @). 
Note that mc? is the rest energy of the scattering particle (usually an electron), while hf’ is the 


energy of the scattered photon. 


E45-34 The wavelength is related to frequency by c = fA, while the frequency is related to the 
energy by Eq. 45-1, H =hf. Then 


AE = B-E!=hf-—hf', 
ie 4 
= he(G oa): 
| 
— hc——— 
sas © ae 
AE _ AX 
E  X+A2’ 


But AE/E = 3/4, so 
3A + 3AA = 4A), 


or AA = 3A. 


E45-35 The maximum shift occurs when ¢ = 180°, so 


h (1240 eV - nm) 
A\m = 2— = 2 = 2.64x1071>m. 
; me 938 MeV) See 7 


E45-36 Since FE = hf frequency shifts are identical to energy shifts. Then we can use the results 
of Exercise 45-33 to get 
(0.9999) (6.2 keV) 


(511 keV) (1 


(0.0001) = cos ¢), 


which has solution @ = 7.4°. 
(b) (0.0001) (6.2 keV) = 0.62 eV. 


242 


E45-37| (a) The change in wavelength is independent of the wavelength and is given by Eq. 
45-17, 


he (1240 eV - nm) =3 
=—T(1- = gn =A 85 x1 
AX mae cos ¢) 20.511 x 108 eV) 85x 107° nm 
(b) The change in energy is given by 
he he 
AE = —-— 
Ae Ai” 
1 1 
= h ————— 
. (5 + AX x) ; 
(1240 eV - nm) : : 42.1 keV 
= e . = . 
mi!) \ (9.77 pm) + (4.85 pm) (9.77 pm) 


(c) This energy went to the electron, so the final kinetic energy of the electron is 42.1 keV. 


E45-38 For ¢=90° AA=h/mc. Then 


AE... hf’ aN 
EO hf  ~  X¥+ AX 
_ h/me 
A+ h/me 


But h/mc = 2.43 pm for the electron (see Exercise 45-30). 
(a) AE/E = (2.43 pm)/(3.00 cm + 2.43 pm) = 8.1x1071!. 
(b) AE/E = (2.43 pm)/(500 nm + 2.43 pm) = 4.86 x 107°. 
(c) AE/E = (2.43 pm)/(0.100 nm + 2.43 pm) = 0.0237. 
(d) AE/E = (2.43 pm)/(1.30 pm + 2.43 pm) = 0.651. 


E45-39 We can use the results of Exercise 45-33 to get 


(0.90)(215 keV) 


ee (511 keV) 


(1 - cos), 
which has solution ¢ = 42/6°. 


E45-40 (a) A crude estimate is that the photons can’t arrive more frequently than once every 
10 — 8s. That would provide an emission rate of 10°/s. 
(b) The power output would be 


1240 eV - nm) 


P = (108)! = 2.3x108eV/s 
(0 (650 am) ee 


which is 3.61071! W! 
E45-41 We can follow the example of Sample Problem 45-6, and apply 
A = Ao(1 — u/c). 


(a) Solving for Ao, 


(588.995 nm) 
(1 — (—300 m/s) (3 x 108m/s) 


ro = = 588.9944 nm. 
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(b) Applying Eq. 45-18, 


h (6.6x10734J - s) = 
Av A ALT x10-2%kg)(690x10-9m) 


(c) Emitting another photon will slow the sodium by about the same amount. 


E45-42 (a) (430m/s)/(0.15 m/s) ~ 2900 interactions. 
(b) If the argon averages a speed of 220 m/s, then it requires interactions at the rate of 


(2900)(220 m/s)/(1.0m) = 6.4x 10°/s 


if it is going to slow down in time. 


P45-1| The radiant intensity is given by Eq. 45-3, J = oT*. The power that is radiated through 
the opening is P = IA, where A is the area of the opening. But energy goes both ways through the 
opening; it is the difference that will give the net power transfer. Then 


Pret > (Io -h)A= oA (Tj — T}) és 
Put in the numbers, and 


Pret = (5.67 x 10-8 W/m?-K*)(5.20 x 107m?) ((488 K)* — (299 K)*) = 1.44 W. 


P45-2 (a) 1=oT* and P=IA. Then T* = P/cA, or 


gad (100 W) 
(5.67 x 10-8W /m? - K4) (0.28 x 10-8m) (1.8 x 10-2m) 


= 3248K. 


That’s 2980°C. 
(b) The rate that energy is radiated off is given by dQ/dt = mC dT/dt. The mass is found from 
m = pV, where V is the volume. This can be combined with the power expression to yield 


oAT* = —pVCadT /dt, 
which can be integrated to yield 


PM 3 3 
At = 35a (tl Ta 172, ), 


Putting in numbers, 


_ (19300kg/m?) (0.28 x 103m) (132J/kgC) 
oe 3(5.67 x 10-8W /m?2 - K4)(4) [1/(2748 kK)? — 1/(3248 K)*], 


= 20ms. 


P45-3| Light from the sun will “heat-up” the thin black screen. As the temperature of the screen 
increases it will begin to radiate energy. When the rate of energy radiation from the screen is equal 
to the rate at which the energy from the sun strikes the screen we will have equilibrium. We need 
first to find an expression for the rate at which energy from the sun strikes the screen. 

The temperature of the sun is J's. The radiant intensity is given by Eq. 45-3, Is = oT's4. The 
total power radiated by the sun is the product of this radiant intensity and the surface area of the 
sun, So 


Pg = Anrs’oT 3", 
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where rg is the radius of the sun. 
Assuming that the lens is on the surface of the Earth (a reasonable assumption), then we can 
find the power incident on the lens if we know the intensity of sunlight at the distance of the Earth 


from the sun. That intensity is 
i Ps 5 FS 
EA. 4n Rp’ 


where Rg is the radius of the Earth’s orbit. Combining, 


2 
= ete (=) 


The total power incident on the lens is then 


2 
4({ 7S 2 
Prens a TpAtens = ols (=) TT), 


where 1 is the radius of the lens. All of the energy that strikes the lens is focused on the image, so 
the power incident on the lens is also incident on the image. 

The screen radiates as the temperature increases. The radiant intensity is ] = oT*, where T is 
the temperature of the screen. The power radiated is this intensity times the surface area, so 


P=IJA=2nr;2oT". 


The factor of “2” is because the screen has two sides, while r; is the radius of the image. Set this 
equal to Piens, 


2 
TS 
Qnr;2o0T* = oT 34 — ary, 
Re 


or 


The radius of the image of the sun divided by the radius of the sun is the magnification of the 
lens. But magnification is also related to image distance divided by object distance, so 


ri 
TS 


Distances should be measured from the lens, but since the sun is so far from the Earth, we won’t be 
far off in stating o Rg. Since the object is so far from the lens, the image will be very, very close 
to the focal point, so we can also state i = f. Then 


tet 


te ie 


so the expression for the temperature of the thin black screen is considerably simplified to 


pi at pe iy 
Bis eto « 


Now we can put in some of the numbers. 


P45-4 The derivative of R with respect to A is 


10 moh Ire h? el ver) 
NY (exer) —1) 


he 


N (e(xET) —1)2kT 


Ohh, that’s ugly. Setting it equal to zero allows considerable simplification, and we are left with 


(5 — x)e” =5, 


where x = hc/AkT. The solution is found numerically to be x = 4.965114232. Then 


(1240 eV - nm) 2.898 10-8m - K 
(4.965)(8.62 x 10-5eV/K)T T 


P45-5 
IoT*, and the rate of energy radiation from the planet will be 


P = 4nR’oT’, 


where R is the radius of the planet. 


(a) If the planet has a temperature T’,, then the radiant intensity of the planet will be 


A steady state planet temperature requires that the energy from the sun arrive at the same rate 
as the energy is radiated from the planet. The intensity of the energy from the sun a distance r 


from the sun is 
Psun/ Anr?, 


and the total power incident on the planet is then 


P. 
Poach, 
. Anr? 
Equating, 

Rawk 
4nR?2oT* = rR? ; 
Arr? 

[4 Sin 
16nor2- 


(b) Using the last equation and the numbers from Problem 3, 


(6.96 x 108m) 


1 
~ 4/9 (1.5 x 10!4m) 


ie 5 (5800 K) 


= 279K. 


That’s about 43° F. 


P45-6 
(note the swapping of the variables of integration picks up a minus sign): 


Qnc*h 
lac 
Qnk*T4 x3 dx 

h3c? {= 1? 
DT ee Ves 
15h3c? 


(he/ax?kT) dx 
ev —1 


I= 


o] 
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(a) Change variables as suggested, then A = hc/xkT and d\ = —(hc/x?kT)d 


. Integrate 


P45-7 (a) P= E/t =nhf/t = (hc/X)(n/t), where n/t is the rate of photon emission. Then 


(100 W)(589 x 10-°m) 
(6.63 x 10-#4J - s)(3.00 x 108m/s) 


n/t = = 2.96 x 10?°/s. 


(b) The flux at a distance r is the rate divided by the area of the sphere of radius r, so 


20 
ray IU) Sa Guerint 


Ar (1 x 104/m? - s) 


(c) The photon density is the flux divided by the speed of light; the distance is then 


(2.96 x 1029/s) 
= = 280m. 
7 (sae a ia 


(d) The flux is given by 
(2.96 x 102°/s) 


~ 4n(2.0m)? = 5.89 x 1018 /m? ‘Ss. 


The photon density is 


(5.89 x 10!*m? - s) /(3.00x 10°m/s) = 1.96 x 10"? /m®. 


P45-8 Momentum conservation requires 
Px = Pe; 


while energy conservation requires 
E,+mc = E.. 


Square both sides of the energy expression and 


FR42Eym?e+mct = EP = pict mc, 
EX +2Eyme? = pec?, 
pe +2Eymc? = pec’. 


But the momentum expression can be used here, and the result is 
2Eymc? = 0. 
Not likely. 


P45-9 (a) Since qgvB = mv?/r, v = (q/m)rB The kinetic energy of (non-relativistic) electrons will 
be 
1 1 q?(rB)? 
K = =<mv? = —- 24 
a ae oe 
or 
_ 1 (1.6x10719C) 


~ 2(9.1x10-3!kg) 
(b) Use the results of Exercise 45-1, 


(188 x 10~°T - m)? = 3.1 10° eV. 


1240 eV - 
a i are 3.1x 10eV = 1.4410! eV. 
nm 
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P45-10 


P45-11) (a) The maximum value of AA is 2h/mc. The maximum energy lost by the photon is 
then 


he he 
AB = Se = 
Ne A 


1 1 
= h a 
“(sya x) 


—2h/me 


- ve + 2h/mc)’ 


where in the last line we wrote \ for Aj. The energy given to the electron is the negative of this, so 


2 
Ge ee, 
mA + 2h/mce) 
Multiplying through by 1? = (EA/hc)? we get 
2 
Kmax = ae : 
me?(1 + 2he/Amc?) 
or 5 
Kmax = a 
mc? /2+ E 
(b) The answer is 
(17.5 keV)? 


Kymax = = 1.12 keV. 


(511 eV)/2 + (17.5 keV) 
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E46-1| (a) Apply Eq. 46-1, \ = h/p. The momentum of the bullet is 


p= mv = (0.041 kg) (960 m/s) = 39kg - m/s, 
so the corresponding wavelength is 
= h/p = (6.63 x 10~**J - s) /(39kg - m/s) = 1.7x 107° m. 


(b) This length is much too small to be significant. How much too small? If the radius of the 
galaxy were one meter, this distance would correspond to the diameter of a proton. 


E46-2 (a) \=h/p and p?/2m = K, then 


= he = (1240 eV-nm) — 1.226 nm 
 VQme2K — \/2(511 keV) VK VK 
(b) K = eV, so 
\ 1.226 nm 1.5V 
= = nm. 
veV 4 


E46-3 For non-relativistic particles \ = h/p and p?/2m = K, so \ = he/V2me?K. 
(a) For the electron, 


1240 eV - 
Sa = Aen. pant 
/2(511 keV)(1.0 keV) 


(c) For the neutron, 
: (1240 MeV - fm) ae 
= = m. 
/2(940 MeV)(0.001 MeV) 


(b) For ultra-relativistic particles K ~ E ~ pc, so 


he (1240 eV- nm) 
eae (1000 eV) a 


E46-4 For non-relativistic particles p= h/A and p?/2m = K, so K = (he)?/2mc?A?. Then 


= (1240 eV - nm)? 
~ 2(5.11 x 10eV)(589 nm) 


K 5 = 4.34% 107° eV. 


E46-5| (a) Apply Eq. 46-1, p= h/A. The proton speed would then be 


h he (1240 MeV - fm) 


mA “me “(938 MeV)(113 fm) 


= 


This is good, because it means we were justified in using the non-relativistic equations. Then 
v = 3.51 10°m/s. 
(b) The kinetic energy of this electron would be 
ee ae 2 
K= gm = 5 (938 MeV)(0.0117)" = 64.2 keV. 


The potential through which it would need to be accelerated is 64.2 kV. 
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E46-6 (a) K =qV and p= V2mK. Then 


p = \/2(22)(932 MeV/c2)(325 eV) = 3.65x 10° eV/c. 


(b) A = h/p, so 
he (1240 eV - nm) = 
ee = 3.39x1 
iso Gesrevie = 


E46-7 (a) For non-relativistic particles \ = h/p and p?/2m = K, so \ = he/V2mc?K. For the 


alpha particle, 
(1240 MeV - fm) 


. \/2(4)(932 MeV)(7.5 MeV) 


(b) Since the wavelength of the alpha is considerably smaller than the distance to the nucleus 
we can ignore the wave nature of the alpha particle. 


= 5.2 fm. 


E46-8 (a) For non-relativistic particles p = h/A and p*/2m = K, so K = (he)?/2mc?A?. Then 


(1240 keV - pm)? 


2(511keV) (10 pm)? . 
(b) For ultra-relativistic particles K ~ E % pc, so 
EE he _ (1240 keV - pm) = 194 keV. 


a (10 pm) 


E46-9| The relativistic relationship between energy and momentum is 


FE? = pe? 4 mc, 


and if the energy is very large (compared to mc”), then the contribution of the mass to the above 


expression is small, and 


Then from Eq. 46-1, 


X h he he (1240 MeV- fm) iG i 
p pe £E (50x 103 MeV) 
E46-10 (a) K = 3kT/2, p= V2mK, and \ = h/p, so 
— h af he 
V3mkT — V38me?kT’ 
“ (1240 MeV - fm) sae 


/3(4)(932MeV) (8.62 x 10-!1 MeV/K) (291 K) 


(b) pV = NkT; assuming that each particle occupies a cube of volume d? = Vo then the inter- 
particle spacing is d, so 


,| (1.38 x 10-23J /K)(291 K) 


= 3 = = 
i= R= | (1.01 <10°Pa) = 3.4 nm. 
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E46-11 p= mv and p=h/A, so m=h/Xv. Taking the ratio, 


bo 
“ =5 ; = (1.813 107*)(3) = 5.439 x 1074. 


The mass of the unknown particle is then 


(0.511 MeV/c?) 
= = 939.5 MeV. 
eS eageigsayt 


That would make it a neutron. 


E46-12 (a) For non-relativistic particles \ = h/p and p?/2m = K, so \ = he/V2mc?K. 
For the electron, 
(1240 eV - nm) 


~ \/2(5.11x 108 eV)(1.5 eV) 


For ultra-relativistic particles K ~ E x pc, so for the photon 


= 1.0 nm. 


he (1240 eV- nm) 
i = = 830 . 
E (1.5 eV) ica 


(b) Electrons with energies that high are ultra-relativistic. Both the photon and the electron will 
then have the same wavelength; 
he — (1240 MeV - fm) 


E (1.5 GeV) me 


E46-13]| (a) The classical expression for kinetic energy is 


p=v2mk, 
re h h 1240 keV 
_ Gas a= 2K EVOMIN) 2 gaaing pm. 
p V2mcP?K — \/2(511 keV)(25.0 keV) 
(a) The relativistic expression for momentum is 
pe = sqrtE? — m2ct = \/(me? + K)2 — m2ct = VK? + 2me?K. 
ih h 1240 keV 
ee ee ( ene) = 7.66 pm. 


pe ,/(25.0 keV)? + 2(511 keV)(25.0 keV) 


E46-14 We want to match the wavelength of the gamma to that of the electron. For the gamma, 
A = hc/E,. For the electron, K = p?/2m = h?/2m.?. Combining, 


K= he 2 Es 
Qmh2c2-% — 2me?" 
With numbers, 
(136keV)2 
Fore 


That would require an accelerating potential of 18.1 kV. 
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E46-15 First find the wavelength of the neutrons. For non-relativistic particles 4 = h/p and 


p?/2m = K, so X= he/V2mc2K. Then 


X (1240 keV - pm) 1A 
= = mM. 
\/2(940 x 103 keV) (4.2x 10-5 keV) , 


Bragg reflection occurs when 2dsin@ = 4, so 


6 = arcsin(14 pm)/2(73.2 pm) = 5.5°. 


E46-16 ‘This is merely a Bragg reflection problem. Then 2dsin 6 = m4, or 


6 =  arcsin(1)(11 pm)/2(54.64 pm) = 5.78°, 
6 =~ arcsin(2)(11 pm)/2(54.64 pm) = 11.6°, 
6 = arcsin(3)(11 pm)/2(54.64 pm) = 17.6°. 


E46-17| (a) Since sin 52° = 0.78, then 2(A/d) = 1.57 > 1, so there is no diffraction order other 
than the first. 

(b) For an accelerating potential of 54 volts we have A/d = 0.78. Increasing the potential will 
increase the kinetic energy, increase the momentum, and decrease the wavelength. d won’t change. 
The kinetic energy is increased by a factor of 60/54 = 1.11, the momentum increases by a factor of 
V1.11 = 1.05, so the wavelength changes by a factor of 1/1.05 = 0.952. The new angle is then 


6 = arcsin(0.952 x 0.78) = 48°. 


E46-18 First find the wavelength of the electrons. For non-relativistic particles X = h/p and 


p?/2m = K, so X= he/V2mc?K. Then 


2 (1240 keV - pm) 
\/2(511 keV) (0.380 keV) 


= 62.9 pm. 


This is now a Bragg reflection problem. Then 2dsin @ = m4, or 


= arcsin(1)(62.9 pm)/2(314 pm) = 5.74°, 
2(314 pm) = 11.6°, 
2(314 pm) = 17.5°, 
=  arcsin(4)(62.9 pm)/2(314 pm) = 23.6°, 


( )/2( )= 
( )/2( )= 
( )/2( )= 
( )/2( j= 
(62.9 pm) /2(314 pm) = 30.1°, 
( )/2( ) 
( )/2( ) 
( )/2( ) 
( )/2( ) 


= arcsin(2)(62.9 pm 
= arcsin(3)(62.9 pm 


2(314 pm) = 36.9°, 
2(314 pm) = 44.5°, 
2(314 pm) = 53.3°, 
2(314 pm) = 64.3°. 


= arcsin(6)(62.9 pm 
= arcsin(7)(62.9 pm 
= arcsin(8)(62.9 pm 


saoaaaaaaa 
II 


(1) 
(2) 
(3) 
(4) 
arcsin(5) 
(6) 
(7) 
(8) 
(9) 


=  arcsin(9)(62.9 pm 


But the odd orders vanish (see Chapter 43 for a discussion on this). 


E46-19 Since Af. At = 1/27, we have 


Af =1/27(0.23s) = 0.69/s. 
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E46-20 Since Af. At = 1/27, we have 
Af =1/27(0.10x107°s) = 1.6x101°/s. 


The bandwidth wouldn’t fit in the frequency allocation! 


E46-21| Apply Eq. 46-9, 


h 414x107! eV-s) 


AE> = =7.6x10-° eV. 
= ht Sere NY 
This is much smaller than the photon energy. 
E46-22 Apply Heisenberg twice: 
4.14x 1071 eV -s) 
AE, = = 5.49x 1078 eV. 
=o; 
and a 
414x107 . 
fe = PO EN ieaeectgs 8 aay 


27 (23 x 10-98) 
The sum is AE pansition = 8-4 1078eV. 


E46-23 Apply Heisenberg: 


_ 6.63x107*4J - s) 


= bok 8) _ 98x 10-%4*kg - m/s. 
(xo ny 


Ap 


E46-24 Ap = (0.5kg)(1.2s) = 0.6kg- m/s. The position uncertainty would then be 


(65/8) 
ae 2n(0.6kg-m/s) Ohons 


E46-25| We want v = Av, which means p » Ap. Apply Eq. 46-8, and 


h h 
As > ——— ® —. 
"= On Ap 2rp 


According to Eq. 46-1, the de Broglie wavelength is related to the momentum by 
A= h/p, 


so 


E46-26 (a) A particle confined in a (one dimensional) box of size L will have a position uncertainty 
of no more than Az = L. The momentum uncertainty will then be no less than 


h h 
Ap > —— & — . 
eS AG QrL 


sO 
_ (6.63x 10~*4J - s) 


NP O00) 


= 1x10-™kg - m/s. 
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(b) Assuming that p ~ Ap, we have 


Seon 
ae 


and then the electron will have a (minimum) kinetic energy of 


2 2 
oe eee ee 
ee Im 8r2mL2° 
7 (he)? (1240 keV - pm)? 

Cc 1240 keV - pm 
~ — = 0.004 keV. 
mine seommendupe 


E46-27| (a) A particle confined in a (one dimensional) box of size L will have a position uncer- 
tainty of no more than Az = L. The momentum uncertainty will then be no less than 


h h 
Ap > ~ . 
oi Qr7Ax rl 


so 
6.63 x 10-34 - s) 


27(x10-14 m) 


Ap ®& ( = 1x10-**kg - m/s. 


(b) Assuming that p ~ Ap, we have 


and then the electron will have a (minimum) kinetic energy of 


ae pe J h2 
~ Im ~ 8r2mL2° 
i (he)? fm)? 
c 1240 MeV - fm 
~ = = 381 MeV. 
ames ~ eaOsll Mevyaomme 


This is so large compared to the mass energy of the electron that we must consider relativistic effects. 
It will be very relativistic (381 >> 0.5!), so we can use EF = pc as was derived in Exercise 9. Then 


he _ (1240 MeV- fm) _ 
EB=55 a(i0 fm) = 19-7 MeV. 


This is the total energy; so we subtract 0.511 MeV to get K = 19 MeV. 


E46-28 We want to find 2 when T = 0.01. This means solving 


E E 
T = 14—(1=— = |e 7" 
aa rn) 
(5.0 eV) (5.02V) \ ap 
0.01) = 16 1 
A000) (6.0 eV) (60eV))" 
= 2.22¢72k'L 
In(4.5x107%) = 2(5.12x10°/m)L, 
53810 om: = Sf: 
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E46-29| The wave number, k, is given by 


k= ait 2mc?(Up — E). 
he 


(a) For the proton mc? = 938 MeV, so 


20 
k= ——“" __ , /2(938 MeV) (10 MeV — 3.0 MeV) = 0.581 fm~?. 
(1240 Mev im) ¥ 2 as eM) re 


The transmission coefficient is then 


T= 16 63:2 MeV) (3.0 MeV) o-2(0-581 fm~*)(10 fm) _ 3.01075 
(10 MeV) (10 MeV) 


(b) For the deuteron mc? = 2 x 938 MeV, so 


Qn Dey: 
k= —_*™ __, /9(2)(938 MeV)(10 MeV — 3.0 MeV) = 0.821 fm~!. 
(1240 MeV im) V (2)( Me ey) 7 


The transmission coefficient is then 


T= 16 63:2 MeV) (3.0 MeV) 7 2(0-821 fm~*)(10 fm) _ 2.5x10-7 
(10 MeV) (10 MeV) 


E46-30 The wave number, k, is given by 
2 
k =<" /2m2(Up — E). 
he 


(a) For the proton mc? = 938 MeV, so 


21 
k= ——_*"__, /2(938 MeV) (6.0 eV — 5.0 eV) = 0.219 pm?. 
(1240 Eevee GOS y) Pe 


We want to find T. This means solving 


E E 
eS 1G. tan pe 
Uo ( a) oe 
= g 22 eV) (5.0 eV) e72(0.219x10"”) (0.7x10~°) 
(6.0 eV) (6.0 eV) 
= 16x1071°3. 


A current of 1 kA corresponds to 

N = (1x10°C/s)/(1.6x 107'°C) = 6.3 10?" /s 
protons per seconds. The time required for one proton to pass is then 

t = 1/(6.3x 107" /s)(1.6 x 107'*3) = 9.9x 101s. 


That’s 101° years! 
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P46-1| We will interpret low energy to mean non-relativistic. Then 


The diffraction pattern is then given by 


dsin@ = mA = mh/V 2m, K, 


where m is diffraction order while my is the neutron mass. We want to investigate the spread by 
taking the derivative of # with respect to K, 


dcos @d@ = eee a dk. 
2/2m,K3 
Divide this by the original equation, and then 
cos8 dk 
snO 2K’ 


Rearrange, change the differential to a difference, and then 


AK 
Aé= tan Os: 


We dropped the negative sign out of laziness; but the angles are in radians, so we need to multiply 
by 180/7 to convert to degrees. 


P46-2 


P46-3 We want to solve 


E E 
T =16— (1—- — } e~?*4 
7, ( a) 


for EF. Unfortunately, F is contained in k since 


27 
k= ie 2mc?(Up — E). 


We can do this by iteration. The maximum possible value for 


is 1/4; using this value we can get an estimate for k: 


(0.001) = 16(0.25)e~?*¥, 
In(2.5x10~*) = -2k(0.7 nm), 
5.92/nm = k. 
Now solve for E: 
E = Ug -—(he)?k?8me?n?, 
(1240 eV - nm)?(5.92/nm)? 
= (6.0eV 
oe 872(5.11x105eV) 
= 467 eV. 
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Put this value for F back into the transmission equation to find a new k: 


E E 
Ps 1625 (i= =o pete 
Ot ( =) e€ ; 
(4.7 eV) (4.7eV)\ opr 
001) = 1 1 
oon) °60 eV) (0ev))° 
In(3.68x10~4) = —2k(0.7 nm), 


5.65/ nm k. 


Now solve for F using this new, improved, value for k: 


E = Uj- (he)*k?8me*n®, 
7 (1240 eV - nm)?(5.65/nm)? 
= (6.0 eV) 872(5.11 x 10°eV) 
= 4.78 eV. 


Keep at it. You’ll eventually stop around E = 5.07 eV. 


P46-4 (a) A one percent increase in the barrier height means Up = 6.06 eV. 
For the electron mc? = 5.11 10° eV, so 
27 


= 2 V/2(5.11 x 105 : = —52 =e 
. (i240 eV um) V 28 x 105 eV)(6.06 eV — 5.0 eV) = 5.27 nm 


We want to find T. This means solving 


¢r = ww (i1-£ eo 
Uo Uo 
= g (5:0 eV) (5.0 eV) 7 2(5.27)(0.7) 
(6.06 eV) (6.06 eV) 
= 1.44x107°. 


That’s a 16% decrease. 
(b) A one percent increase in the barrier thickness means L = 0.707 nm. 
For the electron mc? = 5.11 10° eV, so 

20 


k= ——“"__, /9(5.11x10® eV)(6.0 eV — 5.0 eV) = 5.12 nm!. 
(240 eV am) ¥ 2" PENNEY S My em 


We want to find T. This means solving 


E E 
rT = 1¢~-(1— = \e-2*t 
°U ( i) . 
_ 1g (2:0 eV) (5.0 eV) \ .-2(6.12)(0.707) 
(6.0 eV) (6.0 eV) 
= 159x103. 


That’s a 8.1% decrease. 
(c) A one percent increase in the incident energy means E' = 5.05 eV. 
For the electron mc? = 5.11 10° eV, so 

27 


= ———____. ,/2(5.11 x 108 ; 5; = 4, ae 
k (i240 eV um) V2 x 105 eV)(6.0 eV — 5.05 eV) = 4.99 nm 
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We want to find T. This means solving 


E E 
T = 16—([1-— )e 74 
an ( a) e ; 
2 4 6 (2:05 eV) (5.05 eV) e-2(4.99)(0.7) 
(6.0 eV) (6.0 eV) , 
= 1.97x107°. 


That’s a 14% increase. 


P46-5| First, the rule for exponents 


eilatb) _ pia pid. 
Then apply Eq. 46-12, e’® = cos@ + isin 9, 
cos(a + b) + isin(a + b) = (cosa + isin a)(sin b + isin). 
Expand the right hand side, remembering that i? = —1, 
cos(a + b) + isin(a + b) = cosacosb + icosasin b + isinacosb — sin asin b. 
Since the real part of the left hand side must equal the real part of the right and the imaginary part 
of the left hand side must equal the imaginary part of the right, we actually have two equations. 


They are 
cos(a + b) = cosacos b — sinasinb 


and 
sin(a + b) = cosasinb + sinacosb. 


P46-6 
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E47-1]| (a) The ground state energy level will be given by 


2 —347. 4)2 
= h = (6.63 x 107°*J -s) “ep dgetey: 
8mL2  8(9.11 x 10~3!kg) (1.4 x 10-4 m)2 


Ey 


The answer is correct, but the units make it almost useless. We can divide by the electron charge to 
express this in electron volts, and then EF = 1900 MeV. Note that this is an extremely relativistic 
quantity, so the energy expression loses validity. 

(b) We can repeat what we did above, or we can apply a “trick” that is often used in solving 


these problems. Multiplying the top and the bottom of the energy expression by c? we get 
h 2 

es tO 

8(mc?) L? 


Then 
(1240 MeV - fm)? 


1 8(940 MeV) (14 fm)? 

(c) Finding an neutron inside the nucleus seems reasonable; but finding the electron would not. 

The energy of such an electron is considerably larger than binding energies of the particles in the 
nucleus. 


= 1.0 MeV. 


E47-2 Solve 


for L, then 
nhe 
J/8mc2E,,” 
(3)(1240 eV - nm) 


\/8(5.11 x 105eV) (4.7 eV)’ 
= 0.85 nm. 


E47-3 Solve for E4 — EF: 

4? (he)? 1?(hc)? 
8(mc?)L?2—-8(mce?) L?’ 
(16 — 1)(1240 eV - nm)? 
8(5.11 x 10°)(0.253 nm)?’ 
= 88.1 eV. 


Ey-E, = 


E47-4 Since E «x 1/L?, doubling the width of the well will lower the ground state energy to 
(1/2)? = 1/4, or 0.65 eV. 


E47-5 (a) Solve for Ey — Ey: 


22n2 12h 
sc le ae PE PG 
(3)(6.63 x 10-34J - s)? 
8(40) (1.67 x 10-27kg) (0.2 m)2’ 


= 62x10-"J. 


(b) K = 3kT/2 = 3(1.38x 10-23J/K)(300 K) /2 = 6.21x 10-2". The ratio is 1x 10-2°. 
(c) T = 2(6.2x 10-4"J)/3(1.38 x 10-23 /K) = 3.0x 10-38K. 
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E47-6 (a) The fractional difference is (En41 — En)/En, or 


AE he? h? h? 
n = 1 2 2 2 
En aie sa | / c cart’ 
— (nt+1?-r? 
gee ak 
2n+1 


ne 


(b) As n — oo the fractional difference goes to zero; the system behaves as if it is continuous. 


E47-7| (a) We will take advantage of the “trick” that was developed in part (b) of Exercise 47-1. 
Then 


(Reve (15)? (1240 eV - nm)? 
Bme2L >? 8(0.511 x 105 eV) (0.0985 nm) 


(b) The magnitude of the momentum is exactly known because E = p?/2m. This momentum is 
given by 


E, =n? 5 = 8.72 keV. 


pe = V2mc?E = \/2(511 keV)(8.72 keV) = 94.4 keV. 


What we don’t know is in which direction the particle is moving. It is bouncing back and forth 
between the walls of the box, so the momentum could be directed toward the right or toward the 
left. The uncertainty in the momentum is then 


Ap = p 


which can be expressed in terms of the box size L by 


n2h2 nh 
A = = 2 E = a 
OF aah 4L2 OL 


(c) The uncertainty in the position is 98.5 pm; the electron could be anywhere inside the well. 


E47-8 The probability distribution function is 


2 2 
P= 5 sin? oe 
We want to integrate over the central third, or 
P= ee ee 
—L/6 L 
1 n/3 
= - | sin* 6 dé, 
T J—n/3 
= 0.196. 


E47-9 (a) Maximum probability occurs when the argument of the cosine (sine) function is kr 
({k + 1/2]7). This occurs when 
x= NL/2n 
for odd N. 
(b) Minimum probability occurs when the argument of the cosine (sine) function is [k + 1/2] 
(km). This occurs when 
x= NL/2n 


for even N. 
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E47-10 In Exercise 47-21 we show that the hydrogen levels can be written as 
En = —(13.6 eV)/n?. 


(a) The Lyman series is the series which ends on E£;. The least energetic state starts on Ey). The 
transition energy is 
Ey — Ey = (13.6 eV)(1/1? — 1/2?) = 10.2 eV. 


The wavelength is 
he (1240 eV- nm) 
ME (10.2 eV) fa 


(b) The series limit is 
0 — Ey = (13.6 eV) (1/1?) = 13.6 eV. 


The wavelength is 
he (1240 eV- nm) 
AE (13.6 eV) ws 


E47-11| The ground state of hydrogen, as given by Eq. 47-21, is 


ets met (9.109 x 10734 kg)(1.602 x 10-19 C)* sn gets 
82h? -8(8.854 x 10-12 F/m)?(6.626 x 10-34 J-s)2 : 


In terms of electron volts the ground state energy is 


E, = —(2.179 x 107"8 J) /(1.602 x 10~'° C) = —13.60 eV. 


E47-12 In Exercise 47-21 we show that the hydrogen levels can be written as 
En = —(13.6 eV)/n?. 
(c) The transition energy is 
AE = E3 — Ey = (13.6 eV) (1/1? — 1/3”) = 12.1 eV. 
(a) The wavelength is 


he (1240 eV- nm) 
OS TE (12.1 eV) cea 


(b) The momentum is 
p= E/c=12.1 eV/c. 


E47-13 In Exercise 47-21 we show that the hydrogen levels can be written as 
En = —(13.6 eV)/n?. 


(a) The Balmer series is the series which ends on F. The least energetic state starts on £3. The 
transition energy is 
E3 — Eg = (13.6 eV)(1/2? — 1/3”) = 1.89 eV. 


The wavelength is 
he (1240 eV- nm) 
NS Be Soe 
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(b) The next energetic state starts on E4. The transition energy is 
Ey — Eg = (13.6 eV)(1/2? — 1/4?) = 2.55 eV. 
The wavelength is 
he (1240 eV- nm) 
i = = 486 : 
AE (2.55 eV) . 


(c) The next energetic state starts on E5. The transition energy is 


Es — Eg = (13.6 eV)(1/2? — 1/5?) = 2.86 eV. 


The wavelength is 


he (1240 eV - nm) 
A= KE (2.86 eV) ne 


(d) The next energetic state starts on Eg. The transition energy is 


Eg — Ez = (13.6 eV) (1/2? — 1/67) = 3.02 eV. 


The wavelength is 


he (1240 eV- nm) 
AE (3.02 eV) a 


(e) The next energetic state starts on E7. The transition energy is 


Ez — Eg = (13.6 eV)(1/2? — 1/7?) = 3.12 eV. 


The wavelength is 
he — (1240 eV-nm) _ 
hE aiseyy 


E47-14 In Exercise 47-21 we show that the hydrogen levels can be written as 
En = —(13.6 eV)/n?. 
The transition energy is 
he (1240 eV - nm) 


Se (121.6 nm) ey 


This must be part of the Lyman series, so the higher state must be 
E,, = (10.20 eV) — (13.6 eV) = —3.4 eV. 


That would correspond to n = 2. 


E47-15| The binding energy is the energy required to remove the electron. If the energy of the 
electron is negative, then that negative energy is a measure of the energy required to set the electron 
free. 

The first excited state is when n = 2 in Eq. 47-21. It is not necessary to re-evaluate the constants 
in this equation every time, instead, we start from 


E 
En = — where E; = —13.60 eV. 
n 


Then the first excited state has energy 


The binding energy is then 3.4 eV. 
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E47-16 ry, = agn?, so 


n = \/(847 pm)/(52.9 pm) = 4. 


E47-17| (a) The energy of this photon is 


he (1240 eV - nm) 
E= y = (4281.8 um) = 0.96739 eV. 


The final state of the hydrogen must have an energy of no more than —0.96739, so the largest 
possible n of the final state is 


n < \/13.60 eV/0.96739 eV = 3.75, 


so the final n is 1, 2, or 3. The initial state is only slightly higher than the final state. The jump 
from n = 2 to n = 1 is too large (see Exercise 15), any other initial state would have a larger energy 
difference, so n = 1 is not the final state. 

So what level might be above n = 2? We’ll try 


n= \/13.6 eV/(3.4 eV — 0.97 eV) = 2.36, 


which is so far from being an integer that we don’t need to look farther. The n = 3 state has energy 
13.6 eV/9 = 1.51 eV. Then the initial state could be 


n= \/13.6 eV/(1.51 eV — 0.97 eV) = 5.01, 


which is close enough to 5 that we can assume the transition was n = 5 ton =3. 
(b) This belongs to the Paschen series. 


E47-18 In Exercise 47-21 we show that the hydrogen levels can be written as 
En = —(13.6 eV)/n?. 
(a) The transition energy is 
AE = FE, — Ey = (13.6 eV) (1/1? — 1/4?) = 12.8 eV. 
(b) All transitions n > m are allowed for n < 4 and m <n. The transition energy will be of the 


form 


En — Em = (13.6 eV)(1/m? — 1/n?). 
The six possible results are 12.8 eV, 12.1 eV, 10.2 eV, 2.55 eV, 1.89 eV, and 0.66 eV. 


E47-19 AE =h/27At, so 


AE = (4.14x107° eV -s)/27(1x 1078s) = 6.6 107 8eV. 


E47-20 (a) According to electrostatics and uniform circular motion, 


mv" /r = e? /4neqr’, 


e? e4 e 
a ————S Ss = es 
4nregmr 4e2h?n? = 2eghn 
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or 


Putting in the numbers, 


(1.6x 10-19C)? _ 2.18x 10%m/s 


° = 9(8.85 x 10-!2F /m) (6.63 x 10-343 -s)n n 


In this case n = 1. 
(b) \ = h/mu, 


d = (6.63 x 107*4J - s) /(9.11 x 10734 kg)(2.18 x 10°m/s) = 3.34x 107 1m. 


(c) A/ao = (3.34 x 107!°m) /(5.29 x 1071") = 6.31 & 27. Actually, it is exactly 27. 


E47-21)| In order to have an inelastic collision with the 6.0 eV neutron there must exist a transition 
with an energy difference of less than 6.0 eV. For a hydrogen atom in the ground state E, = —13.6 eV 
the nearest state is 


E> = (—13.6 eV)/(2)? = —3.4 eV. 


Since the difference is 10.2 eV, it will not be possible for the 6.0 eV neutron to have an inelastic 
collision with a ground state hydrogen atom. 


E47-22 (a) The atom is originally in the state n given by 


n= \/(13.6 eV)/(0.85 eV) = 4. 


The state with an excitation energy of 10.2 eV, is 


n= \/ (13.6 eV)/(13.6 eV — 10.2 eV) = 2. 
The transition energy is then 


AE = (13.6 eV)(1/2? — 1/4”) = 2.55 eV. 


E47-23 According to electrostatics and uniform circular motion, 


mv*/r =e? /4negr’, 


e? e4 e? 
i —————— = SS — 5 
A4tregmr 4e2h?n? = 2eghn 


The de Broglie wavelength is then 


or 


h 2eghn 
A=—= at 
mu me 
The ratio of X/r is 
r 2eghn 
— = ——, =kn 


r  me?agn? : 


where k is a constant. As n — oo the ratio goes to zero. 
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E47-24 In Exercise 47-21 we show that the hydrogen levels can be written as 
En = —(13.6 eV)/n?. 
The transition energy is 
AE = Ey — Ey = (13.6 eV) (1/1? — 1/4”) = 12.8 eV. 
The momentum of the emitted photon is 
p= E/c= (12.8 eV)/c. 
This is the momentum of the recoiling hydrogen atom, which then has velocity 


Dp pec (12.8 eV) 8 
Oe (932 MeV) (3.00 x 10°m/s) m/s 


E47-25| The first Lyman line is the n = 1 to n = 2 transition. The second Lyman line is the 
n= 1 to n= 3 transition. The first Balmer line is the n = 2 to n = 3 transition. Since the photon 
frequency is proportional to the photon energy (FE = hf) and the photon energy is the energy 
difference between the two levels, we have 


Em — En 
fissim = ~~ A_ 


where the E,, is the hydrogen atom energy level. Then 
E3—-E 
fis fe a 
= E3 — Ep + Eg -— Ey = E3 — E, fe Ey — Ey 
h h he? 
= foi3t+ fine. 


E47-26 Use 
En = —Z7(13.6 eV)/n?. 


(a) The ionization energy of the ground state of Het is 
En = —(2)7(13.6 eV)/(1)? = 54.4 eV. 
(b) The ionization energy of the n = 3 state of Li?* is 


En = —(3)?(13.6 eV) /(3)? = 13.6 eV. 


E47-27| (a) The energy levels in the He* spectrum are given by 


En = —2Z(13.6 eV)/n?, 


where Z = 2, as is discussed in Sample Problem 47-6. The photon wavelengths for the n = 4 series 


are then 
he he/E4 


A= 
FE, -— E4 1— E,/E,’ 
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which can also be written as 


Sees 16hc/(54.4 eV) 
1—16/n2 ” 
16hen? /(54.4 eV) 
n2 — 16 , 
Cn? 
n2 — 16’ 


where C = hc/(3.4 eV) = 365 nm. 
(b) The wavelength of the first line is the transition from n = 5, 


(365 nm)(5)? 
= = 1014 
r (5)? — (42 014 nm 
The series limit is the transition from n = oo, so 
A = 365 nm. 


(c) The series starts in the infrared (1014 nm), and ends in the ultraviolet (365 nm). So it must 
also include some visible lines. 


E47-28 We answer these questions out of order! 
(a)n=1. 
(by 7 = a9:=5.29%10""m,. 
(f) According to electrostatics and uniform circular motion, 


mv*/r = e? /4neqr’, 


e? e4 e? 
= SS SS = : 
A4tegmr 4ezh?n? =. 2eghn 


7 (1.6 10-19C)? 
~ 2(8.85 x 10-!2F /m)(6.63 x 10-#4J - s)(1) 


or 


Putting in the numbers, 


v = 2.18x 10°m/s. 
(d) 
(ce) 
(c) 
(g) 


p= (9.11 10-8"kg)(2.18 x 10°m/s) = 1.99x 10-4kg - m/s. 

w= v/r = (2.18 x 10°m/s) /(5.29 x 10-14m) = 4.12 x 10'Srad/s. 

1 = pr = (1.99 10-24kg - m/s)(5.29x 10-!4m) = 1.05 x 10-84J « s. 
F=mv?/r, so 


F = (9.11 x 107**kg) (2.18 x 10°m/s)?/(5.29 x 107*!m) = 8.18 x 1078N. 


(h) a = (8.18 10-8N) /(9.11 x 10-84kg) = 8.98 x 1022m/s?. 
(i) K = mv?/r, or 


(9.11 x 10-8!kg) (2.18 x 10°m/s)? 


5 = 2.16x10718J = 13.6 eV. 


K= 


(k) E = -13.6 eV. 
(j) P=E-—K = (-13.6 eV) — (13.6 eV) = —27.2 eV. 
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E47-29 For each r in the quantity we have a factor of n?. 
(a) n is proportional to n. 


b) r is proportional to n?. 


f) v is proportional to ,/1/r, or 1/n. 
pi is pproperacns to v, or 1/n. 


is proportional to v?/r, or Ln’ 
a is proportional to As or 1/n* 
K is proportional to v? oF 1/n?. 
E is proportional to 1 he n 
1) P is proportional to 1 fie: 


d) 
) 
c) lis ee to pr, or n. 
g)f 
h) 


E47-30 (a) Using the results of Exercise 45-1, 


(1240 eV - nm) 


= 1.24x10° eV. 
(0.010 nm) ea 


,= 


(b) Using the results of Problem 45-11, 


E? (1.24x 10° eV)? 


= = 40.5x104 eV. 
me/24+E (511x108 eV)/2 4 (1.24108 eV) ans 


Kyax = 


(c) This would likely knock the electron way out of the atom. 


E47-31 The energy of the photon in the series limit is given by 
E\imit = (13.6 eV) /n? 
where n = 1 for Lyman, n = 2 for Balmer, and n = 3 for Paschen. The wavelength of the photon is 


(1240 eV - nm) 


Mimit = n? = (91.17 nm)n? 


(13.6 eV) 
The energy of the longest wavelength comes from the transition from the nearest level, or 
(-13.6 eV) (—13.6 eV) 2n+ 1 
Fiong = = (13. ———_. 
ons = tp ane Crs), 


The wavelength of the photon is 


_ (1240 eV-nm)[n(n + 1)]? _ [n(n + 1)] 
Xiong = (13.6 eV)n? Shere 2n+1 
(a) The wavelength interval Along — Alimit, OF 
2(n + 1)? — n2(2n41 Z 
Ad = (91.17 nm)? + - I nD) Signet) a 7 


For n= 1, AA = 30.4 nm. For n = 2, AA = 292 nm. For n = 3, AX = 1055 nm. 
(b) The frequency interval is found from 
F\imit — Ljong (13.6 eV) 1 = (3.29 x 101° /s) 


aS h ~ (414x10-BeV-s)(n+1)2 ~~ (n +1)? 


For n= 1, Af = 8.23x10'4Hz. For n = 2, Af = 3.66x10!4Hz. For n = 3, Af = 2.05x10'Hz. 
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E47-32 


E47-33| (a) We'll use Eqs. 47-25 and 47-26. At r=0 


1 1 
$7 (0) = —ge 20/40 — —y = 2150 ae 


TAG 


Ow 


while 
(b) At r = ap we have 


-2 
W?(ao) = fracl mage 2(20)/20 — = 291 nm7%, 
mas 


and 
P(ao) = 41(ao)??(ao) = 10.2 nm~ 


E47-34 Assume that ~(ao) is a reasonable estimate for ~(r) everywhere inside the small sphere. 


Then 
yo 2 _ 0.1888 
~ rae rad 
0 0 


The probability of finding it in a sphere of radius 0.05a9 is 


5 = 3 (0.1353) (0.05)° = 2:26x10~°, 


TAG 


(0.1353)4mr? dr 4 
0 


E47-35 Using Eq. 47-26 the ratio of the probabilities is 


P(ao) _ (ag)2e72(40)/40 7 en? mee 
P(2a9) — (2ag)2e~2(240)/a0  de~4 


E47-36 The probability is 


1.016a9 Ar 2 e7 27/40 
Po = / ~*_—ar, 
a 


() a9 


1 2-032 
ms if ure “du, 
2 


= 0.00866. 


E47-37| If] =3 then m can be 0, +1, +2, or +3. 
(a) From Eq. 47-30, L, = = iti om. So L, can equal 0, th/2a, th/7, or £3h/2r. 
(b) From Eq. 47-31, 6 = arccos(m;/./l(1 + 1)), so 0 can equal 90°, 73.2°, 54.7°, or 30.0°. 


(c) The magnitude of L is given by Eq. a 


= VIF 1) + = V8h/r. 


E47-38 The maximum possible value of m; is 5. Apply Eq. 47-31: 


(5) = 24.1°. 


6 = arccos ———————. = 
(5)(5 + 1) 
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E47-39 Use the hint. 


h 

Ap:-Ar = — 
‘D xv On? 
h 

Ap-Ar = — 
‘D xv On? 
a h 
Rpipee Se EE 
Dp Tr On? 
AL-A@ = ue 
20 


E47-40 Note that there is a typo in the formula; P(r) must have dimensions of one over length. 
The probability is 


= 1.00 


What does it mean? It means that if we look for the electron, we will find it somewhere. 


E47-41 (a) Find the maxima by taking the derivative and setting it equal to zero. 


dP r(2a—r)(4a? — 6ra+ 1?) 


Os 
dr 8a§ 


The solutions are r = 0, r = 2a, and 4a? — 6ra + r? = 0. The first two correspond to minima (see 
Fig. 47-14). The other two are the solutions to the quadratic, or r = 0.764a9 and r = 5.236ao. 
(b) Substitute these two values into Eq. 47-36. The results are 


P(0.764a9) = 0.981 nm™?. 


and 
P(5.236a9) = 3.61 nm~’. 


E47-42 The probability is 


P y ieee er | 
— rT, 
5.00a0 8aj 
= 0.01896. 


E47-43 n=4 and /1=3, while m; can be any of 
—3, —2, —i, 0, 1, 2, 3, 


while m, can be either —1/2 or 1/2. There are 14 possible states. 


E47-44 n must be greater than J, so n > 4. |m;| must be less than or equal to 1, so |m:| < 3. ms 
is —1/2 or 1/2. 


E47-45| If m,=4 then! > 4. But n >1+1,s0 n> 4. We only know that m, = +1/2. 
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E47-46 There are 2n? states in a shell n, so if n = 5 there are 50 states. 


E47-47 Each is in the n = 1 shell, the / = 0 angular momentum state, and the m; = 0 state. But 
one is in the state m, = +1/2 while the other is in the state m, = —1/2. 


E47-48 Apply Eq. 47-31: 


= arccos (+1/2) — 2 
0 = arc (1/12 b 1) 54.7 
and 
6 = arccos (=1/2) = 125.3°. 


v (1/2)(1/2 + 1) 
E47-49 All of the statements are true. 
E47-50 There are n possible values for / (start at 0!). For each value of | there are 2! + 1 possible 


values for mj. Ifn = 1, the sum is 1. If n = 2, the sum is 1+ 3 = 4. If n = 3, the sum is 1+34+5=9. 
The pattern is clear, the sum is n?. But there are two spin states, so the number of states is 2n?. 


P47-1| We can simplify the energy expression as 


h? 


E= Eo (nz + nz +n?) where Eo = Sk’ 


To find the lowest energy levels we need to focus on the values of nz, Ny, and nz. 
It doesn’t take much imagination to realize that the set (1,1,1) will result in the smallest value 
for n2 + ite +n2. The next choice is to set one of the values equal to 2, and try the set (2,1, 1). 
Then it starts to get harder, as the next lowest might be either (2,2,1) or (3,1,1). The only way 
to find out is to try. Pll tabulate the results for you: 


Ny, Ny Nz ne + iy + ne Mult. | nz ny nz ne + ne + ne Mult. 
1 1 1 3 1 3 2 1 14 6 
2 1 1 6 3 3 2 2 17 3 
2 2 1 9 3 4 1 1 18 3 
3 1 1 11 3 3 3 1 19 3 
2 2 2 12 1 4 2 1 21 6 


We are now in a position to state the five lowest energy levels. The fundamental quantity is 


he)? 1240 eV - nm)? 
Ose eA Nae) = 6 00 Oey. 


EB — 
° 8me2L2 ~ 8(0.511 x 10% eV)(250 nm) 


The five lowest levels are found by multiplying this fundamental quantity by the numbers in the 
table above. 


P47-2 (a) Write the states between 0 and L. Then all states, odd or even, can be written with 


probability distribution function 
2 
P(x) = 7 sin? oa 


270 


we find the probability of finding the particle in the region 0 < x < L/3 is 


Leg NTLxL 
P= = 087 = 
| Pew L = 


4 (1 sae), 


I 


(b) If n = 1 use the formula and P = 0.196. 

(c) If n = 2 use the formula and P = 0.402. 

(d) If n = 3 use the formula and P = 0.333. 

(e) Classically the probability distribution function is uniform, so there is a 1/3 chance of finding 
it in the region 0 to L/3. 


P47-3 The region of interest is small compared to the variation in P(x); as such we can approxi- 
mate the probability with the expression P = P(x)Aqz. 
(b) Evaluating, 


2 4 
a 7 sin” Aa, 
2 4n(L/8 
= 5 in? 27Z/8) (6 ogo3z), 
= 0.0006. 
(b) Evaluating, 
Pe = Be PKs 
L L 
2 4n(3L/16 
= Fs? iat bl ) (0.00032), 
= 0.0003. 
P47-4 (a) P=W*W, or 
Ps Ade 2rmue? |i, 
(b) Integrating, 
1 = A / en anmwe?/h gy 
h ee. 2 
= A? —wu 
OV 2amw J a 
h 
= A’y/ 
OV Inmw VPI 
4/ 2mw 
— = Ap. 
h 0 
(c) «#=0. 
P47-5| We will want an expression for 
da 
da? 
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Doing the math one derivative at a time, 


d? df(d 

| ar ($0) , 
age oe (4 (—27mwa/h) pamal 
= dx 0 € ’ 
= Ao(—20mwa /h)2e~7 we /h + Ao(—20mw/h)e~7we/P 
= ((2mmwa/h)? — (2emw/h)) Ape-tmer'/h, 
= ((2mmwa/h)? — (2rmw/h)) Wo. 

In the last line we factored out wo. This will make our lives easier later on. 
Now we want to go to Schrodinger’s equation, and make some substitutions. 


h? d? 
“Sete ae ot Up = Evo, 
h? 
—go9,, ((2amwa/h)” — (2rmu/h)) wo+Uyo = Evo, 
2 
5 ((2mmwa/h)* —(2nmw/h))+U = E, 
rm 


where in the last line we divided through by 7. Now for some algebra, 


h2 
U = E+ —— ((20mwa/h)? — (27mw/h)) , 
872m 
mux? hw 
SRS py ae 


But we are given that E = hw/4z, so this simplifies to 
mux? 


2 


which looks like a harmonic oscillator type potential. 


U= 


P47-6 Assume the electron is originally in the state n. The classical frequency of the electron is 
fo, where 
fo = v/2rr. 


According to electrostatics and uniform circular motion, 


mv? /r = e* /4negr?, 


e? e4 e 
— ———S SS = 2 
4negmr 4eeh?n? = 2eghn 
2 


€ 1 ame? me* —2E, 


- Qeghn 27 egh?n? ~ 4e2h3n3 hn 


or 


Then 


fo 


Here FE, = —13.6 eV. 
Photon frequency is related to energy according to f = AEym/h, where AE; is the energy of 
transition from state n down to state m. Then 


where £, = —13.6 eV. Combining the fractions and letting m = n — 6, where 6 is an integer, 


Ey, m? — no 
ho m2n2 ’ 
E; (n—m)(m +n) 
h mn? : 
h (n+6)?n?’ 


f = 


P47-7 We need to use the reduced mass of the muon since the muon and proton masses are so 


close together. Then 


_ (207) (1836) _ 
m= (207) + 1836)" = 186mg. 


(a) Apply Eq. 47-20 1/2: 
a, = a9/(186) = (52.9 pm) /(186) = 0.284 pm. 
(b) Apply Eq. 47-21: 
E,, = E,(186) = (13.6 eV) (186) = 2.53 keV. 


(c) A = (1240 keV - pm) /(2.53 pm) = 490 pm. 


P47-8 (a) The reduced mass of the electron is 


HM) 


m= WW r~Me = 0.5M¢. 


(1) + (1) 
The spectrum is similar, except for this additional factor of 1/2; hence 
Apos = 2AH. 


(b) apos = a0/(186) = (52.9 pm)/(1/2) = 105.8 pm. This is the distance between the particles, 
but they are both revolving about the center of mass. The radius is then half this quantity, or 
52.9 pm. 


P47-9| This problem isn’t really that much of a problem. Start with the magnitude of a vector 
in terms of the components, 


L3+ 0+ 12 = 1, 


and then rearrange, 


I2+L2=L?-L? 
y z 
According to Eq. 47-28 L? = Il(1+1)h?/42?, while according to Eq. 47-30 L, = mjh/2n. Substitute 
that into the equation, and 
2 2 2/472 2p2 42 a) NW 
Le + L2 = Ul + 1)h?/4n? — mph? /4n? = (UL + 1) — m7) rare 


Take the square root of both sides of this expression, and we are done. 
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The maximum value for m; is 1, while the minimum value is 0. Consequently, 


(B+R= [Ul + 1) — m2 h/2m < ViC+1) h/2m, 


(+R = Ul +1) — m2 h/2m > Vih/2m. 


P47-10 Assume that 7(0) is a reasonable estimate for w(r) everywhere inside the small sphere. 
Then 


The probability of finding it in a sphere of radius 1.1x 10~1°m is 


= S19 y10 4, 
nag: 3:(5.29x10-"m)3 ° 


jee Amr? dr 4 (1.1x107'm)3 

0 

P47-11 Assume that ~(0) is a reasonable estimate for 7(r) everywhere inside the small sphere. 
Then 

(ere. ad 

32703 i. 8rae 


p= 


The probability of finding it in a sphere of radius 1.1 x 107m is 


= = —15 
3 = 15x10”. 


‘aa Amr? dr 1 (1.1x107!m)? 
3 8rag «6 (5.29 10-1!m) 


P47-12 (a) The wave function squared is 


e72r/a0 


= 3 


TAG 


The probability of finding it in a sphere of radius r = wag is 


P= [ Anr2e—2"/20 dr 
0 


3 ? 
TAG 


xz 
= [ avte* ae, 
0 


1—e 77 (1+ 29 + 227). 


I 


(b) Let 2 = 1, then 
P=1 = e775) =0.828. 


P47-13| We want to evaluate the difference between the values of P at x = 2 and x = 2. Then 


P(2) — P(1) 


I 


(1 —e74(1 + 2(2) + 2(2)?)) — (1 — e77(1 + 2(1) + 2(1)7)), 
Se? — 13e7* = 0.439. 
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P47-14 Using the results of Problem 47-12, 
0.5=1—e°7*(1+ 2x + 227), 


or 
e—2a =1+2r4 227. 


The result is x = 1.34, or r = 1.34ap. 
P47-15 The probability of finding it in a sphere of radius r = xapg is 


Pp = iS r7(2— r/ag)2e—7/% dr 
do 8a 


1 x 
= - | a?(2—2)*e~* dx 
8 Jo 


= 1l-e*(y*/8+y?/2+ y+). 
The minimum occurs at x = 2, so 


P=1-—e-7(2+2+2+1) =0.0527. 
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E48-1| The highest energy x-ray photon will have an energy equal to the bombarding electrons, 
as is shown in Eq. 48-1, 


he 
eV 
Insert the appropriate values into the above expression, 


Amin = 


(4.14 x 10715 eV -s)(3.00 x 108 m/s) _ 1240 x 107% eV-m 
eV 7 eV ; 


Amin = 


The expression is then 
1240x 10-9 V-m = =1240kV-pm 


Amin = 


4 V 
So long as we are certain that the “V” will be measured in units of kilovolts, we can write this as 


Amin = 1240 pm/V. 


E48-2 f =c/X = (3.00 x 10°m/s)/(31.1x 107 !?m) = 9.646 x 1018/s. Planck’s constant is then 


E (40.0 keV) - 
poe = = 414x107! eV-s. 
f (9.646 x 1018/s) * aa 


E48-3 Applying the results of Exercise 48-1, 


AV = (1240kV - pm) = 984kV 
(126 pm) ; ; 


E48-4 (a) Applying the results of Exercise 48-1, 


(1240kV - pm) 


= 35.4 pm. 
Gok 


min — 


(b) Applying the results of Exercise 45-1, 


(1240keV - pm) 


r — 
Ko ~ (25.51 keV) — (0.53 keV) 


= 49.6 pm. 


(c) Applying the results of Exercise 45-1, 


(1240keV - pm) 
r — = . . 
Ka = 19551 keV) — (3.56 keV) Or Pm 


E48-5]| (a) Changing the accelerating potential of the x-ray tube will decrease Amin. The new 
value will be (using the results of Exercise 48-1) 


Amin = 1240 pm/(50.0) = 24.8 pm. 


(b) Ax, doesn’t change. It is a property of the atom, not a property of the accelerating potential 
of the x-ray tube. The only way in which the accelerating potential might make a difference is if 
AK, < Amin for which case there would not be a Ax, line. 

(c) Ax,, doesn’t change. See part (b). 
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E48-6 (a) Applying the results of Exercise 45-1, 


(1240keV - pm) 


AE= 
(19.3 pm) 


= 64.2 keV. 


(b) This is the transition n = 2 ton = 1, so 


AE = (13.6 eV)(1/1? — 1/2?) = 10.2 eV. 


E48-7 Applying the results of Exercise 45-1, 


(1240keV - pm) 


ae (62.5 pm) 


= 19.8 keV. 


and 
1240keV - pm) 


( 
A= = 17.6 keV. 
(70.5 pm) ‘ 


The difference is 
AE = (19.8 keV) — (17.6 keV) = 2.2 eV. 


E48-8 Since Ey = hf = hce/A, and \ = h/me = he/mce?, then 
Ey = he/X = me’. 


or AV = E)/e = mc*/e = 511 kV. 


E48-9| The 50.0 keV electron makes a collision and loses half of its energy to a photon, then the 
photon has an energy of 25.0 keV. The electron is now a 25.0 keV electron, and on the next collision 
again loses loses half of its energy to a photon, then this photon has an energy of 12.5 keV. On the 
third collision the electron loses the remaining energy, so this photon has an energy of 12.5 keV. The 
wavelengths of these photons will be given by 


(1240 keV - pm) 


A= 7 ; 


which is a variation of Exercise 45-1. 


E48-10 (a) The xray will need to knock free a K shell electron, so it must have an energy of at 
least 69.5 keV. 
(b) Applying the results of Exercise 48-1, 


(1240kV - pm) 


min’? 7 aA eA 17. ‘ 
(69.5 KV) con 
(c) Applying the results of Exercise 45-1, 
1240keV - 
Ma = 1 eee 5 ei bn 


69.5 keV) — (2.3 keV) 
Applying the results of Exercise 45-1, 


(1240keV - pm) 
= = 21.3 pm. 
AKo = (695 keV) — (11.3 keV) Pas 
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E48-11 


(a) Applying the results of Exercise 45-1, 


(1240keV - pm) 
Ex, = ————_ = 19.7 keV. 
“eo (63 pm) : 


Again applying the results of Exercise 45-1, 


(1240keV - pm) 
Ex, = ————_ = 17.5 keV. 
Re (71 pm) 7.5 keV 


(b) Zr or Nb; the others will not significantly absorb either line. 


E48-12 Applying the results of Exercise 45-1, 


(1240keV - pm) 
= = 154.5 pm. 
AKa = 18979 keV) — (0.951 keV) a 


Applying the Bragg reflection relationship, 


— A _ (154.5 pm) 
~ 2sin@ — 2sin(15.9°) 


= 282 pm. 


E48-13 Plot the data. The plot should look just like Fig 48-4. Note that the vertical axis is \/f, 
which is related to the wavelength according to Wf = \/c/X. 


E48-14 Remember that the m in Eq. 48-4 refers to the electron, not the nucleus. This means 
that the constant C in Eq. 48-5 is the same for all elements. Since \/f = \/c/A, we have 


Mf Ze 1" 
Me AZT) - 


For Ga and Nb the wavelength ratio is then 


E48-15 


nb (@ =a 


2 
(41) — *) = 0.5625. 


(a) The ground state question is fairly easy. The n = 1 shell is completely occupied by 


the first two electrons. So the third electron will be in the n = 2 state. The lowest energy angular 
momentum state in any shell is the s sub-shell, corresponding to | = 0. There is only one choice for 
my, in this case: m; = 0. There is no way at this level of coverage to distinguish between the energy 
of either the spin up or spin down configuration, so we’ll arbitrarily pick spin up. 

(b) Determining the configuration for the first excited state will require some thought. We could 
assume that one of the K shell electrons (n = 1) is promoted to the L shell (n = 2). Or we could 
assume that the LD shell electron is promoted to the M shell. Or we could assume that the L shell 
electron remains in the L shell, but that the angular momentum value is changed to 1 = 1. The 
question that we would need to answer is which of these possibilities has the lowest energy. 

The answer is the last choice: increasing the | value results in a small increase in the energy of 
multi-electron atoms. 


E48-16 


Refer to Sample Problem 47-6: 


ag(1)2_ (5.29 10-!!m) ote 
T1 7 (92) x m 
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E48-17| We will assume that the ordering of the energy of the shells and sub-shells is the same. 
That ordering is 


1s < 2s <2p< 3s < 3p <4s < 3d <4p<5s < 4d < 5p 
<68s <4f <5d<6p<7s <5f <6d< Tp < 8s. 


If there is no spin the s sub-shell would hold 1 electron, the p sub-shell would hold 3, the d sub-shell 
5, and the f sub-shell 7. inert gases occur when a p sub-shell has filled, so the first three inert gases 
would be element 1 (Hydrogen), element 1+ 1+ 3 = 5 (Boron), and element 1+1+3+1+3=9 
(Fluorine). 

Is there a pattern? Yes. The new inert gases have half of the atomic number of the original inert 
gases. The factor of one-half comes about because there are no longer two spin states for each set 
of n, l,m, quantum numbers. 

We can save time and simply divide the atomic numbers of the remaining inert gases in half: 
element 18 (Argon), element 27 (Cobalt), element 43 (Technetium), element 59 (Praseodymium). 


E48-18 The pattern is 
2+8+8+4184 18+ 32+ 324+? 


or 


2(17 +27 + 274.37 433 +47 4.4? + 27) 


The unknown is probably « = 5, the next noble element is probably 


118 +2-57 = 168. 


E48-19 (a) Apply Eq. 47-23, which can be written as 


(—13.6 eV) Z? 


Ey = 5 


n 


For the valence electron of sodium n = 3, 


(5.14 eV)(3)? 


Z = ,/—————— = 1.84 
(13.6 eV) : 
while for the valence electron of potassium n = 4, 
4.34 4)? 
ne ei ee ry 


(13.6 eV) 


(b) The ratios with the actual values of Z are 0.167 and 0.119, respectively. 


E48-20 (a) There are three m; states allowed, and two m, states. The first electron can be in 
any one of these six combinations of M, and mg. The second electron, given no exclusion principle, 
could also be in any one of these six states. The total is 36. Unfortunately, this is wrong, because 
we can’t distinguish electrons. Of this total of 36, six involve the electrons being in the same state, 
while 30 involve the electron being in different states. But if the electrons are in different states, 
then they could be swapped, and we won’t know, so we must divide this number by two. The total 
number of distinguishable states is then 


(30/2) + 6 = 21. 


(b) Six. See the above discussion. 
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E48-21]| (a) The Bohr orbits are circular orbits of radius r, = aon? (Eq. 47-20). The electron is 
orbiting where the force is 


e2 


a 
Ategrs 


and this force is equal to the centripetal force, so 


mv e€ 


Tn Aregr2 


where v is the velocity of the electron. Rearranging, 


e2 
v = 4/———_. 
ATEQMTn 


The time it takes for the electron to make one orbit can be used to calculate the current, 


. ¢ € e€ e? 
(i — = . 
t Qarn/v Ary \ 4regmry 


The magnetic moment of a current loop is the current times the area of the loop, so 


2 
. e e 
p=iA = — ————rr?, 
27ryn \ 4tegmry 
e€ e? 
f= =4/ ———— Trp. 
QV 4regmry, ” 
e | age? 
b=n= : 
2\) 47re9m 


This might not look right, but ag = egh?/mme?, so the expression can simplify to 


wer ae ee eh \ 
fe N cpg es A dag ee 


(b) In reality the magnetic moments depend on the angular momentum quantum number, not 
the principle quantum number. Although the Bohr theory correctly predicts the magnitudes, it does 
not correctly predict when these values would occur. 


which can be simplified to 


But r, = agn?, so 


E48-22 (a) Apply Eq. 48-14: 


dB, 
Fa = Ue dz 


= (9.27x10-™*J/T)(16 x 107° T/m) = 1.5x10~7°N. 


b) a= F/m, Az = at? /2, and t = y/vy. Then 
y 


2 = 25 2 
Ape Fuh 2 Gx 10 N)OB2m)F a a 
2mvz —-2(1.67 x 10-2%kg) (970 m/s)? 


E48-23 a= (9.27x 10-743 /T)(1.4x 10?T/m)/(1.7x10-75kg) = 7.6 x 104m/s?. 
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E48-24 (a) AU = 2uB, or 
AU = 2(5.79x 10~°eV/T) (0.520 T) = 6.02 x 10~°eV. 


(b) f = E/h = (6.02x 10-5eV) (4.14 10> eV - s) = 1.45x10!°Hz. 
(c) \=c/f = (3x 108m/s) /(1.45 x 10!°Hz) = 2.07 10-2m. 


E48-25| The energy change can be derived from Eq. 48-13; we multiply by a factor of 2 because 
the spin is completely flipped. Then 


AE = 2u,B, = 2(9.27x 10-4 J/T) (0.190 T) = 3.52x1074J. 
The corresponding wavelength is 


he — (6.63x 10-%4J - s)(3.00x 108m/s) ; 
as (3.52 x 10-243) agar oat 


This is somewhere near the microwave range. 


E48-26 The photon has an energy E = hc/X. This energy is related to the magnetic field in the 
vicinity of the electron according to 


E = 2pB, 
= h 1240 eV 
B=—" = Cae = 0.051T. 
QurA  2(5.79x 10-5J/T)(21 x 107nm) 
E48-27 Applying the results of Exercise 45-1, 
(1240 eV - nm) 
B= ———— _ = 1.55 eV. 
(800nm) : 
The production rate is then 
0x 1078 
R= Stee’) = 2.0x 10'8/s. 


(1.55 eV)(1.6x 10-9 J /eV) 
E48-28 (a) x = (3x 108m/s)(12x 10-12s) = 3.6x10-3m. 
(b) Applying the results of Exercise 45-1, 


(1240 eV - nm) 
E = ——— = 1.786 eV. 
(694.4nm) . 


The number of photons in the pulse is then 


N = (0.1503) /(1.786 eV)(1.6x 107193 /eV) = 5.25x 101". 


E48-29| We need to find out how many 10 MHz wide signals can fit between the two wavelengths. 
The lower frequency is 


ce (3.00 x 10° m/s) a 
AAs = 4.29 x 10! Hz. 
f= \> = “700 x 10-9 m) ? 
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The higher frequency is 


ce — (3.00 x 10° m/s) ‘4 
amas Camm EVE eee 


The number of signals that can be sent in this range is 


fo—fi _ (7.50 x 104 Hz) — (4.29 x 10!4 Hz) | soit 
(10 MHz) ~ (10 x 106 Hz) yA ; 


That’s quite a number of television channels. 


E48-30 Applying the results of Exercise 45-1, 


(1240 eV - nm) 
Ha tee EE 2 eenev 
(632.8nm) ? 


The number of photons emitted in one minute is then 


-3 
gies (2.3 x 107° W) (60s) sy gear 
(1.960 eV)(1.6x 10-!9J/eV) 


E48-31 Apply Eq. 48-19. £13 — E,1 = 2(1.2 eV).. The ratio is then 


ms — e- (24 eV)/(8.62x10~°e V /K)(2000 K) _ 91077. 
ny 


E48-32 (a) Population inversion means that the higher energy state is more populated; this can 
only happen if the ratio in Eq. 48-19 is greater than one, which can only happen if the argument of 
the exponent is positive. That would require a negative temperature. 

(b) If ng = 1.1m, then the ratio is 1.1, so 


(—2.26 eV : 
i. = —2.75x 108K. 
(8.62 10-5eV/K) In(1.1) a 


E48-33| (a) At thermal equilibrium the population ratio is given by 


No e7E2/kT 


No —AE/kT 
N, e-m/kT ~ © 


But AF can be written in terms of the transition photon wavelength, so this expression becomes 
No = Nye hes ake 
Putting in the numbers, 


No = (4.0x 1020) e~ (1240 eV-nm)/(582 nm)(8.62x10~° eV/K)(300K)) _ 6.621076. 


That’s effectively none. 
(b) If the population of the upper state were 7.0 x 10°, then in a single laser pulse 


he (6.63 x 10-34J - s) (3.00 x 108m/s) 


E=N— =(7.0x107° = 240 J. 
eee (582 x 10-m) 
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E48-34 The allowed wavelength in a standing wave chamber are A,, = 2L/n. For large n we can 


write 
2L _ 2 2L 


An = ~ é 
ee roe nn? 
The wavelength difference is then 
py OE 
A a mals 
2 n? 2D” 


which in this case is 


(638x109)? iy 
A= e307 7x 107m. 


E48-35 (a) The central disk will have an angle as measured from the center given by 
dsin 0 = (1.22), 


and since the parallel rays of the laser are focused on the screen in a distance f, we also have 
R/f =sin 6. Combining, and rearranging, 


ee ee 
(b) R = 1.22(3.5 cm)(515 nm)/(3 mm) = 7.2x 107m. 
(c) [= P/A= (5.21 W)/x(1.5 mm)? = 7.37x 10°W/m?. 
(d) I = P/A = (0.84)(5.21 W)/a(7.2 pm)? = 2.7x10°W /m?. 


E48-36 


P48-1| Let A, be the wavelength of the first photon. Then Ap = A; + 130 pm. The total energy 
transfered to the two photons is then 


Ay 4+ Ep = Ne, JE 55% keV. 
Ai 2 
We can solve this for 1, 
20.0keV 1 1 
he a yy +130 pm’ 
2A; + 130 pm 


Ai(Ay + 130 pm)’ 
which can also be written as 
Mi(A1 + 130 pm) = (62 pm)(2A; +130 pm), 
di + (6 pm)A; — (8060 pm?) = 0. 
This equation has solutions 
A; = 86.8 pm and — 92.8 pm. 

Only the positive answer has physical meaning. The energy of this first photon is then 
(1240 keV - pm) 
(86.8 pm) 
(a) After this first photon is emitted the electron still has a kinetic energy of 

20.0 keV — 14.3 keV = 5.7 keV. 


Ey = = 14.3 keV. 


(b) We found the energy and wavelength of the first photon above. The energy of the second 
photon must be 5.7 keV, with wavelength 


A2 = (86.8 pm) + 130 pm = 217 pm. 
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P48-2 Originally, 
1 


~ \/1 — (2.73x 108m/s)2/(3x 108m/s)2 


The energy of the electron is 


= 2.412. 


2 


Eo = ymc? = (2.412)(511 keV) = 1232 keV. 
Upon emitting the photon the new energy is 
E = (1232 keV) — (43.8 keV) = 1189 keV, 
so the new gamma factor is 
y = (1189 keV)/(511 keV) = 2.326, 
and the new speed is 


v = cy/1 — 1/(2.326)? = (0.903)c. 


P48-3 Switch to a reference frame where the electron is originally at rest. 
Momentum conservation requires 
0= Pr + Pe = 0, 


while energy conservation requires 


mc? = Ey + E,. 
Rearrange to 
E. = mc? — Ey. 
Square both sides of this energy expression and 
FR = 2Eyme?+m?ch = E? = pie? + mc, 
E} -2Eyme? = pec’, 
pic —2E\ymc? = pc. 


But the momentum expression can be used here, and the result is 
—2Eymc? = 0. 
Not likely. 


P48-4 (a) In the Bohr theory we can assume that the K shell electrons “see” a nucleus with charge 
Z. The L shell electrons, however, are shielded by the one electron in the K shell and so they “see” 
a nucleus with charge Z — 1. Finally, the M shell electrons are shielded by the one electron in the 
K shell and the eight electrons in the K shell, so they “see” a nucleus with charge Z — 9. 

The transition wavelengths are then 


i AE B(Z-1)2 (1 1 
Na 7) te he (5 =): 
_ E(Z—1)23 
a he 4 


and 


Jo 

T 
> 
S 

| 
& 
SN, 
Se 


AB he he \3?— 1 
_ Eg(Z-9)? -8 
- he 9° 


The ratio of these two wavelengths is 


Note that the formula in the text has the square in the wrong place! 


P48-5 (a) E =hc/,; the energy difference is then 


1 1 
AE = ne(5-- 52) 


Since A; and 2 are so close together we can treat the product A;A2 as being either \7 or A3. Then 


(1240 eV - nm) 


AE =—_..— 
(589 nm)? 


(0.597 nm) = 2.1x107%eV. 


(b) The same energy difference exists in the 4s — 3p doublet, so 


(1139 nm)? 


is (1240 eV - nm) 


(2.1x10~%eV) = 2.2 nm. 


P48-6 (a) We can assume that the K shell electron “sees” a nucleus of charge Z — 1, since the 
other electron in the shell screens it. Then, according to the derivation leading to Eq. 47-22, 


rK = a9/(Z —1). 


(b) The outermost electron “sees” a nucleus screened by all of the other electrons; as such Z = 1, 
and the radius is 
r= ao 


P48-7| We assume in this crude model that one electron moves in a circular orbit attracted to 
the helium nucleus but repelled from the other electron. Look back to Sample Problem 47-6; we 
need to use some of the results from that Sample Problem to solve this problem. 

The factor of e? in Eq. 47-20 (the expression for the Bohr radius) and the factor of (e?)? in Eq. 
47-21 (the expression for the Bohr energy levels) was from the Coulomb force between the single 
electron and the single proton in the nucleus. This force is 


~ Amegr2” 
In our approximation the force of attraction between the one electron and the helium nucleus is 
2e? 


L1= : 
A4negr? 


The factor of two is because there are two protons in the helium nucleus. 
There is also a repulsive force between the one electron and the other electron, 


e2 


Fy = ——— 
= Areg(2r)?’ 
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where the factor of 2r is because the two electrons are on opposite side of the nucleus. 
The net force on the first electron in our approximation is then 


2e? e? 
PL -Fy= 
1"? Aregr2 4meg(2r)2’ 


which can be rearranged to yield 


2 2 
e€ 1 e€ 7 
Fret — 5} 2 — 5) F 
Amer 4 Ategr? \A4 
It is apparent that we need to substitute 7e?/4 for every occurrence of e?. 


(a) The ground state radius of the helium atom will then be given by Eq. 47-20 with the 
appropriate substitution, 


€gh? 4 
= >a0o- 


~ amm(7e?/4) 7 


(b) The energy of one electron in this ground state is given by Eq. 47-21 with the substitution 
of 7e?/4 for every occurrence of e?, then 


m(7e?/4)?__—- 49. met 


E= = , 
8ehh? 16 84h? 


We already evaluated all of the constants to be 13.6 eV. 
One last thing. There are two electrons, so we need to double the above expression. The ground 
state energy of a helium atom in this approximation is 


49 
Eq = —2, (13.6 eV) = —83.3eV. 


(c) Removing one electron will allow the remaining electron to move closer to the nucleus. The 
energy of the remaining electron is given by the Bohr theory for Het, and is 


Eyjet = (4)(—13.60 eV) = 54.4 eV, 


so the ionization energy is 83.3 eV - 54.4 eV = 28.9 eV. This compares well with the accepted value. 


P48-8 Applying Eq. 48-19: 


(—3.2 eV) i 
T= = 1.0x10°K. 
(8.62 x 10-5eV /K) In(6.1 x 10! /2.5 x 101) a 


P48-9 siné = r/R, where r is the radius of the beam on the moon and R is the distance to the 


moon. Then -9 8 
» — 2:22(600x 107 "m)(3.82x10"m) _ ony 
(0.118 m) 


The beam diameter is twice this, or 4740 m. 


P48-10 (a) N = 2L/An, or 


_ 2(6x 10~2m)(1.75) 


— 5 
N = eppcio-3) 7 3:08 10. 
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(b) N = 2nLf/c, so 


c (3x 10°m/s) 9 
Af = nL ~ 2(1.75)(6x10-2m) iat 
Note that the travel time to and fro is At = 2nL/c! 
(c) Af/f is then 
-~9 
Af A (694x109) _ gg ag 


ff. 2nL  2(1.75)(6x 10-2m) 
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E49-1| (a) Equation 49-2 is 


= 8V/2rm3/? wueL 8/2n(me?)3/2 pu? 
h3 (he)? ; 
We can evaluate this by substituting in all known quantities, 
27(0.511 x 10° eV)3/? 
n(E) = 8\/27(0.511 x 10° eV) 
(1240 x 10-9 eV - m) 
Once again, we simplified the expression by writing hc wherever we could, and then using hc = 


1240 x 10-9 eV- m. 
(b) Then, if B = 5.00 eV, 


EV? — (6.81 x 1027 m73. eV—9/?) EY/?, 


n(E) = (6.81 x 1027 m~3 . eV—*/?)(5.00 eV)/? = 1.52 x 107° m-3- eV}. 


E49-2 Apply the results of Ex. 49-1: 
n(E) = (6.81 x 1027 m~3 . eV—*/?)(8.00 eV)!/? = 1.93 x 1078 m-3- eV—}. 


E49-3 Monovalent means only one electron is available as a conducting electron. Hence we need 
only calculate the density of atoms: 
N pNa __ (19.3x10%kg/m?)(6.02 x 10?3mol~*) 


= PAL = 5.90 1078 /m, 
yO A (0.197 kg /mol) ee 


E49-4 Use the ideal gas law: pV = NkT. Then 


N 
p= pat = (8.49 x 1078m*) (1.38 x 10773 / - K)(297 K) = 3.48 x 10°Pa. 


E49-5| (a) The approximate volume of a single sodium atom is 


(0.023 kg /mol) 
(6.02 x 10?3part /mol)(971 kg/m?) 


The volume of the sodium ion sphere is 


Y= = 3.93x10729m?. 


_ An 


Vo 98 x 1071? m)? = 3.94 107° m3. 


The fractional volume available for conduction electrons is 


Vi = Vo _ (3.98x10-%m5) ~ (8.94% 107m) _ gig, 
Wor (3.93 x 10-29m3) eee 


(b) The approximate volume of a single copper atom is 


(0.0635 kg /mol) 
(6.02 x 103 part /mol) (8960 kg/m?) 


The volume of the copper ion sphere is 


Y= = 1.18x107?°m?. 


_ An 


Vo 06x10 my Hs. 710" im, 


The fractional volume available for conduction electrons is 


Vi = Vo _ (1-18 10-7?m$) — (3.7110 m8) _ Gog, 
Yeo (1.18 x 10-29m3) i oa 


(c) Sodium, since more of the volume is available for the conduction electron. 
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E49-6 (a) Apply Eq. 49-6: 
gay pelmneee eV) /(8.62x10-°eV/K)(OK) 4 1 _~0. 
(b) Apply Eq. 49-6: 


p= 1) jue eV) /(8.62x10~5eV /K)(320 K) be 1| — 662% 10-2. 


E49-7 Apply Eq. 49-6, remembering to use the energy difference: 
peay jee eV) /(8.62x10~°e V /K) (273 K) fe 1 ~ 1.00 
=1/ le (—0.1) eV)/(8.62x10~°eV /K) (273K) 1] = = 0.986, 
=o le (0.0) eV)/(8.62x10-°eV /K) (273 K) 4 1] = ap 5 
iy Jeo) eV)/(8.62x10~°eV /K) (273 K) de 1 = 0.014, 
= hf le (1.1) eV)/(8.62x10~°eV /K) (273 K) 4 1] = = HH: 
(b) Inverting the equation, 
_ AE 
~ kin(1/p— 1)’ 


(0.1 eV) 
(8.62 x 10-5eV/K) In(1/(0.16) — 1) 


so 


T= = 700K 


E49-8 The energy differences are equal, except for the sign. Then 


1 1 = 
etAE/kt 4 1 + e-AE/kt 4 1 ey ee 
e-AE/2kt | etE/2kt 7 
etAE/2kt 4 e-AE/2kt | e—AE/2kt 4 e+AE/2kt ~—  ? 
e-AB/2kt 1 etAE/2kt : 
e-AE/2kt 4 e+AE/2kt . 


E49-9| The Fermi energy is given by Eq. 49-5, 


2 2/3 
he h (=) . 
8m \ 7 


where n is the density of conduction electrons. For gold we have 


_ (19.3 g/cm”) (6.02 x 10?8part /mol) 


(197 g/mol) = 5.9010" elect. /em® = 59 elect. /nm" 


The Fermi energy is then 


T 


2/3 
_ (1240 eV- nm)? / 3(59 electrons/nm*) : ae aay 
* 8(0.511 x 10 eV) ee 
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E49-10 Combine the results of Ex. 49-1 and Eq. 49-6: 
CVE 


No = CAB/kt 4 1" 
Then for each of the energies we have 


(6.81 x 1027 m~3 - eV—9/?),/(4eV) 
e(—3.06 eV) /(8.62x10-5eV /K)(1000K) 4 4 


o= 


= 1.36 x 1078 /m? - eV, 


(6.81 x 102” m-3 - eV—3/?) ,/(6.75 eV) 
e(—0.31 eV)/(8.62x10-5eV /K)(1000K) 4 4 

(6.81 x 1027 m~3 - eV~9/?) ,\/(7eV) 
e(—0.06 eV) /(8.62x10-5eV /K)(1000K) 4 4 


(6.81 x 1027 m~3 - eV—3/?) ,/(7.25 eV) 
(0.19 eV) /(8.62x10-5eV /K)(1000K) 4 1 


No = 


= 1.721078 /m? - eV, 


No = 


= 9.02 x 10?" /m - eV, 


o> 


= 1.82 x10?" /m? - eV, 
(6.81 x 102? m~3 - eV~9/?) ,/(9eV) 
(1.94 eV) /(8.62x10-5eV /K)(1000 K) 4. 1 


o= 


= 3.43x 10'8/m? - eV. 


E49-11 Solve 
_ n?(he)? 
” 8(me?) L? 
for n = 50, since there are two electrons in each level. Then 
(50)?(1240 eV - nm)? 
8(5.11 x 105eV) (0.12 nm) 


E; = 5 = 6.53 10%eV. 


E49-12 We need to be much higher than T = (7.06 eV) /(8.62 x 10° °eV/K) = 8.2x 104K. 


E49-13| Equation 49-5 is 


and if we collect the constants, 
2 2/3 
Ep = a (2) n3/? = An3/?, 
m 
where, if we multiply the top and bottom by c? 


_ (he)? (3\7? _ (1240 x 107° eV-m)? (3 
8(0.511 x 106 eV) 


2/3 
= ) = 3.65 x 107!9 m? - eV. 


8mc2 \ 1 T 


E49-14 (a) Inverting Eq. 49-6, 
AE = kT In(1/p— 1), 
so 
AE = (8.62 10~°eV/K) (1050 K) In(1/(0.91) — 1) = —0.209 eV. 

Then FE = (—0.209eV) + (7.06 eV) = 6.85 eV. 

(b) Apply the results of Ex. 49-1: 

n(E) = (6.81 x 10?” m~3 - eV~*/?)(6.85 eV)!/? = 1.78 x 10% m73-eV—t. 
(c) no = np = (1.78 x 1028 m~3 - eV—')(0.910) = 1.62 x 10?2m-3- eV. 
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E49-15 Equation 49-5 is 


and if we rearrange, 


Ep?/? = eat ig 
16/20m3/2 ” 
Equation 49-2 is then 
3/2 
flh) = 8/2nm3/ Bl/2 = 3 Ep 3/2BU?, 
h3 2 
E49-16 py, =1-—p,so 
1 
Das Sere ae 
eAE/KT 4 1 
eAE/kT 
~ AE/RT 4 1’ 


1 
1 + e-AE/KT’ 


E49-17| The steps to solve this exercise are equivalent to the steps for Exercise 49-9, except now 
the iron atoms each contribute 26 electrons and we have to find the density. 
First, the density is 


m (1.99 x 102°kg) 


inrefa AGaTom\a 


p 


Then 


6 3 23 
_ (26)(1.84 x 10 i — part /mol) =51x1029 cideeem 
g/mo 


= 5.1x10° elect./nm® 


The Fermi energy is then 


F™ 8(0.511 x 106 eV) 


TT 


2/3 

; 2 8 476 3 
(1240 eV- nm) (een elect./nm | adgeeag, 
E49-18 First, the density is 


—  m __ 2(1.99x 10°%kg) 
~ Anr3/3 4n(10 x 103m)3/3 


p = 9.5x10!"kg/m? 


Then 
n = (9.5x 10" kg/m?) /(1.67 x 107 7"kg) = 5.69 x 1044 /m?. 


The Fermi energy is then 


es isos eM eTe 
pe ea (eee fn) = 137 MeV. 


8(940 MeV) 7 
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E49-19 
E49-20 (a) Ep =7.06eV, so 


fa 3(8.62 x 10-5eV - K)(0K) 


2(7.06 eV) ere 
(b) f = 3(8.62 x 10-5eV - K)(300 K) /2(7.06 eV) = 0.0055. 
(c) f = 3(8.62x 10-%eV - K)(1000 K) /2(7.06 eV) = 0.0183. 


E49-21] Using the results of Exercise 19, 


7 — 2fEr _ 2(0.0130)(4.71 eV) 


=4TAK. 
3k ——«3(8.62x 10-5eV - K) 


E49-22 f = 3(8.62x10~5eV - K)(1235 K) /2(5.5eV) = 0.029. 


E49-23 (a) Monovalent means only one electron is available as a conducting electron. Hence we 
need only calculate the density of atoms: 


3 3 239) -! 
N _ pNa _ (10.5% 108kg/m*)(6.02% 10° mol) _ 5 99 1928 mn? 
4 A, (0.107 kg/mol) 


(b) Using the results of Ex. 49-13, 


Ep = (3.65 x 10719 m? - eV) (5.90 x 1078 /m3)?/3 = 5.5 eV. 


(c) v= /2K/m, or 


v = V/2(5.5eV)(5.11 x 10°eV/c?) = 1.4x 108m/s. 
(d) A=h/p, or 
—347 4 
(663 x 10-34 ~3) SR pacts, 
(9.11 x 10-3!kg)(1.4 x 108m/s) 


E49-24 (a) Bivalent means two electrons are available as a conducting electron. Hence we need 
to double the calculation of the density of atoms: 


N 


pNa _ 2(7.13x10kg/m*)(6.02x 10?>mol7") _ 1.32 102° fm’ 
ame roam (0.065 kg /mol) ae 


(b) Using the results of Ex. 49-13, 


Ep = (3.65 x 107! m? - eV)(1.32 x 109 /m3)?/3 = 9.4eV. 


(c) v= /2K/m, or 


v = /2(9.4eV)(5.11 x 10°eV/c?) = 1.8x 108m/s. 
(d) A= h/p, or 
—347 4 
(6.63 x 10-*4J - s) aan. 
(9.11 x 10-3!kg)(1.8 x 108m/s) 
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E49-25]| (a) Refer to Sample Problem 49-5 where we learn that the mean free path \ can be 
written in terms of Fermi speed vp and mean time between collisions 7 as 


A = URT. 
The Fermi speed is 


Up = ¢\/2Ep/me? = c\/2(5.51 eV)/(5.11 x 108 eV) = 4.64x 107% 
The time between collisions is 


—31 
ied (U1) ke) = 3.74x 1074s, 
ne2p (5.86 x 1028m—) (1.60 x 10-!9C)2(1.62 x 10-82 - m) 


We found n by looking up the answers from Exercise 49-23 in the back of the book. The mean free 
path is then 
d = (4.64x 107%) (3.00 x 108m/s) (3.74 x 1074s) = 52 nm. 


(b) The spacing between the ion cores is approximated by the cube root of volume per atom. 
This atomic volume for silver is 
(108 g/mol) 


V= x = 1.71x107*8cm? 
(6.02 x 10?3part/mol)(10.5 g/cm”) 


The distance between the ions is then 
l= VV = 0.257 nm. 


The ratio is 
A/l = 190. 


E49-26 (a) For T = 1000K we can use the approximation, so for diamond 


p= 7 (8-5 eV) /2(8.62x10~°eV /K) (1000 K) — 4 41974 


while for silicon, 


= e7 (1-LeV) /2(8.62x10~°eV /K) (1000 K) 21 G3 


(b) For T = 4K we can use the same approximation, but now AF > kT and the exponential 
function goes to zero. 


E49-27 (a) E- Ep + 0.67eV/2 = 0.34eV.. The probability the state is occupied is then 


=1/ le (0.34) eV) /(8.62x10~°eV/K)(290K) 1| = = 1.2x10-8. 


(b) E- Ep & —0.67eV/2 = —0.34eV.. The probability the state is unoccupied is then 1 — p, or 


pot fear eV) /(8.62x10- eV /K)(290K) 1 = 1210-6. 


E49-28 (a) E— Ep = 0.67eV/2 = 0.34eV.. The probability the state is occupied is then 


=a, le (0.34) eV) /(8.62x10-°eV/K) (289K) |= = foxig=*. 
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E49-29| (a) The number of silicon atoms per unit volume is 


23 3 
es (6.02 x 10*° part /mol) (2.33 g/cm”) = 4.99 x 1022 part./em?. 
(28.1 g/mol) 


If one out of 1.0eex7 are replaced then there will be an additional charge carrier density of 
4.99 x 10?? part./em®/1.0x 107 = 4.99 10! part./cm® = 4.99 x 1074m~3. 


(b) The ratio is 
(4.99 x 10?*m~*) /(2 x 1.5x 10'®m73) = 1.7x 10°. 


The extra factor of two is because all of the charge carriers in silicon (holes and electrons) are charge 


carriers. 


E49-30 Since one out of every 5x 10° silicon atoms needs to be replaced, then the mass of phos- 


phorus would be 
1 30 


m= ——— 
5 x 10 28 


E49-31 [= ¢/1/1022/m3 = 4.6x10~§m. 


E49-32 The atom density of germanium is 


=2.1x1077 g. 


3 3 23 9]-1 
N _ pNa _ (5.32% 108kg/m*)(6.02% 10° mol") 63.4928 jm 
4 A, (0.197 kg/mol) 


The atom density of the impurity is 
(1.63 x 1078 /m3) /(1.3 x 10°) = 1.25 x 107°. 


The average spacing is 


1 = 9/1/1.25x 1019 /m3 = 4.3x107"m. 


E49-33] The first one is an insulator because the lower band is filled and band gap is so large; 
there is no impurity. 

The second one is an extrinsic n-type semiconductor: it is a semiconductor because the lower 
band is filled and the band gap is small; it is extrinsic because there is an impurity; since the impurity 
level is close to the top of the band gap the impurity is a donor. 

The third sample is an intrinsic semiconductor: it is a semiconductor because the lower band is 
filled and the band gap is small. 

The fourth sample is a conductor; although the band gap is large, the lower band is not completely 
filled. 

The fifth sample is a conductor: the Fermi level is above the bottom of the upper band. 

The sixth one is an extrinsic p-type semiconductor: it is a semiconductor because the lower band 
is filled and the band gap is small; it is extrinsic because there is an impurity; since the impurity 
level is close to the bottom of the band gap the impurity is an acceptor. 


E49-34 6.62x10°eV/1.1eV = 6.0x 10° electron-hole pairs. 


E49-35 (a) R= (1V)/(50x10-!2A) =2x10!°Q. 
(b) R = (0.75 V)/(8mA) = 909. 
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E49-36 (a) A region with some potential difference exists that has a gap between the charged 
areas. 


(b) C= Q/AYV. Using the results in Sample Problem 49-9 for g and AV, 


noe Ad/2 


= = ke A/d. 
noed? /4K€Q neg) 


E49-37| (a) Apply that ever so useful formula 


oo he 2 (1240 eV - nm) Sepp ea 
E (5.5 eV) 


Why is this a maximum? Because longer wavelengths would have lower energy, and so not enough 
to cause an electron to jump across the band gap. 
(b) Ultraviolet. 


E49-38 Apply that ever so useful formula 


he (1240 eV - nm) 
oN (295 nm) ee 


E49-39 The photon energy is 


he — (1240 eV-nm) _ 
E= Nero. Gag tan) = 8.86 eV. 


which is enough to excite the electrons through the band gap. As such, the photon will be absorbed, 
which means the crystal is opaque to this wavelength. 


E49-40 


P49-1) We can calculate the electron density from Eq. 49-5, 
a (8m? Ep aie 
n= =(——_— 
3 (he)? ; 


m (8(0.511 x 10° eV)(11.66 eV) \ */? 
3 (1240 eV - nm)? 


= 181 electrons/nm’. 


From this we calculate the number of electrons per particle, 


(181 electrons/nm*)(27.0 g/mol) 
(2.70 g/cm”) (6.02 x 1023 particles /mol) 


= 3.01, 


which we can reasonably approximate as 3. 
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P49-2 At absolute zero all states below Ep are filled, an none above. Using the results of Ex. 


49-15, 
|e 
Ew = — En(E) dE, 

nr Jo 
3 HE 

= sb 8 | E°/? dE, 
2 0 
3 2 

=, “EB —3/27 Bp 5/2 
2 F 5 F ’ 
3 

= Ep. 
5 F 


P49-3 (a) The total number of conduction electron is 


(0.0031 kg) (6.02 x 10?mol*) - 
= = 2.94% 10. 
. (0.0635 kg /mol) ° 


The total energy is 
B= > (7.06 eV) (2.94 1077) = 1.24x 10eV = 2x 104J. 


(b) This will light a 100 W bulb for 


t = (2x 10* J)/(100 W) = 200s. 


P49-4 (a) First do the easy part: ne = N-p(Ec), so 


N- 
e(Ec— Er) /kT +1] : 


Then use the results of Ex. 49-16, and write 


Ny 


ny = Ny[1 — p(Ey)] = e—(By—Ep)/kT 4 1° 


Since each electron in the conduction band must have left a hole in the valence band, then these two 
expressions must be equal. 
(b) If the exponentials dominate then we can drop the +1 in each denominator, and 


N, _ Ny 
e(Ece—Br)/kT —~— e—(By—Er)/kT’ 
ING, tx e(Ee—2Er+Ev)/kT 
Ny 
1 
Erp = 5 (Be + By + kT n(Ne/Nv)). 


P49-5| (a) We want to use Eq. 49-6; although we don’t know the Fermi energy, we do know 
the differences between the energies in question. In the un-doped silicon EF — Ep = 0.55 eV for the 
bottom of the conduction band. The quantity 


kT = (8.62x10~° eV/K)(290K) = 0.025 eV, 


which is a good number to remember— at room temperature kT is 1/40 of an electron-volt. 
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Then 
1 


(0-55 eV)/(0.025 eV) 4 4 
In the doped silicon E — Er = 0.084 eV for the bottom of the conduction band. Then 


=2.8x107!9. 


p= 


1 -2 
or e(0.084 eV)/(0.025 eV) 44 ee 
(b) For the donor state E — Ey = —0.066 eV, so 
1 
D = 0.93. 


7 e(—0.066 eV)/(0.025 eV) 4 4 


P49-6 (a) Inverting Eq. 49-6, 
E-— Ep =kT In(1/p-—1), 


sO 
Ep = (1.1eV — 0.11 eV) — (8.62107 eV/K)(290K) In(1/(4.8x 107°) — 1) = 0.74eV 


above the valence band. 


(b) E — Ep = (1.1eV) — (0.74eV) = 0.36 eV, so 


1 


= = 7 
(0.36 eV)/(0.025 eV) 4 De 


Pp 


P49-7 (a) Plot the graph with a spreadsheet. It should look like Fig. 49-12. 
(b) kT = 0.025eV when T = 290K. The ratio is then 


(0.5 eV)/(0.025 eV) +1 


ag _ 7 . 
ly ~ @(—0.5 eV)/(0.025 eV) ay =4.9x10°. 


P49-8 
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E50-1| We want to follow the example set in Sample Problem 50-1. The distance of closest 
approach is given by 


d q@ . 
Ateg Ky 


(2)(29)(1.60 x 10-!9C)? 
Ar (8.85 x 10-1202 /Nm2)(5.30MeV) (1.60 x 10-13J/MeV)’ 
= 1.57x107'*m. 


That’s pretty close. 


E50-2 (a) The gold atom can be treated as a point particle: 


a q192 
Anegr2’ 
s (2)(79)(1.60 x 10-19)? 
Ar(8.85 x 10-12? /Nm?) (0.16 x 10-9m)?’ 
= 1.4x107°N. 
(b) W = Fd, so 
6 -197 /, 
ee (5.3 x 10°eV) (1.6 x 107+ J /eV) ie eit, 


(1.4 10-6N) 
That’s 1900 gold atom diameters. 


E50-3 Take an approach similar to Sample Problem 50-1: 


qQ 


K — 
Aregd’ 


(2)(79)(1.60 x 10719)? 
4rr(8.85 x 10-1202 /Nm?)(8.78 x 10-!5m) (1.60 x 10-19J/eV)’ 
= 2.6x10%eV. 


E50-4 All are stable except 5°Rb and 7°°Pb. 


E50-5| We can make an estimate of the mass number A from Eq. 50-1, 


R= RA", 
where Rp = 1.2 fm. If the measurements indicate a radius of 3.6 fm we would have 
A= (R/Ro)? = ((3.6 fm) /(1.2 fm))* = 27. 
E50-6 
E50-7 The mass number of the sun is 
A= (1.99 10°°kg) /(1.67x107-?"kg) = 1.2 10°". 
The radius would be 


R= (0.2%10"Pm)¥/1.2%1057 =1.3x10%m, 
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E50-8 79°Pu is composed of 94 protons and 239 — 94 = 145 neutrons. The combined mass of the 
free particles is 


M = Zmp + Nmy = (94)(1.007825 u) + (145) (1.008665 u) = 240.991975 u. 
The binding energy is the difference 
Ex = (240.991975 u — 239.052156 u)(931.5 MeV/u) = 1806.9 MeV, 
and the binding energy per nucleon is then 


(1806.9 MeV) /(239) = 7.56 MeV. 


E50-9| ©?Ni is composed of 28 protons and 62 — 28 = 34 neutrons. The combined mass of the 
free particles is 


M = Zm, + Nm, = (28)(1.007825 wu) + (34) (1.008665 u) = 62.513710 u. 
The binding energy is the difference 
Ep = (62.513710 u — 61.928349 u)(931.5 MeV/u) = 545.3 MeV, 
and the binding energy per nucleon is then 


(545.3 MeV)/(62) = 8.795 MeV. 


E50-10 (a) Multiply each by 1/1.007825, so 
m1, = 1.00000, 


M126 = 11.906829, 
and 


M238y = 236.202500. 


E50-11 (a) Since the binding energy per nucleon is fairly constant, the energy must be proportional 
to A. 

(b) Coulomb repulsion acts between pairs of protons; there are Z protons that can be chosen as 
first in the pair, and Z— 1 protons remaining that can make up the partner in the pair. That makes 
for Z(Z — 1) pairs. The electrostatic energy must be proportional to this. 

(c) Z? grows faster than A, which is roughly proportional to Z. 


E50-12 Solve 
(0.7899) (23.985042) + 2(24.985837) + (0.2101 — x)(25.982593) = 24.305 


for x. The result is 2 = 0.1001, and then the amount ?°Mg is 0.1100. 
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E50-13] The neutron confined in a nucleus of radius R will have a position uncertainty on the 
order of Az = R. The momentum uncertainty will then be no less than 


Ap > i Pa 
P< o7Ar 2nR 
Assuming that p ~ Ap, we have 
Sr oo 
age a 
and then the neutron will have a (minimum) kinetic energy of 
2 h2 
pa 


om 8x2mR2" 
But R = Ry A!/3, so 
7 (he)? 
. 872me? R2 A?/3 
For an atom with A = 100 we get 
(1240 MeV - fm)? 


Ex = 0.668 MeV. 
872(940 MeV)(1.2 fm)2(100)2/3 . 


This is about a factor of 5 or 10 less than the binding energy per nucleon. 


E50-14 (a) To remove a proton, 
E = [(1.007825) + (3.016049) — (4.002603)] (931.5 MeV) = 19.81 MeV. 


To remove a neutron, 


E = [(1.008665) + (2.014102) — (3.016049)] (931.5 MeV) = 6.258 MeV. 


To remove a proton, 


E = [(1.007825) + (1.008665) — (2.014102)] (931.5 MeV) = 2.224 MeV. 


(b) E = (19.81 + 6.258 + 2.224)MeV = 28.30 MeV. 
(c) (28.30 MeV) /4 = 7.07 MeV. 


E50-15 (a) A = [(1.007825) — (1)](931.5 MeV) = 7.289 MeV. 
(b) A = [(1.008665) — (1)](931.5 MeV) = 8.071 MeV. 
(c) A = [(119.902197) — (120)](931.5 MeV) = —91.10 MeV. 


E50-16 (a) Eg = (Zmy+Nmyn-—m)c?. Substitute the definition for mass excess, mc? = Ac?+A, 


Ep Z(c? + An) + N(e + An) — Ac? — A, 


ZAy + NAy — A. 


(b) For !97Au, 
Eg = (79)(7.289 MeV) + (197 — 79)(8.071 MeV) — (—31.157 MeV) = 1559 MeV, 
and the binding energy per nucleon is then 


(1559 MeV)/(197) = 7.92 MeV. 
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E50-17 The binding energy of °*Cu is given by 
M = Zm, + Nmy = (29)(1.007825 u) + (34) (1.008665 u) = 63.521535 u. 
The binding energy is the difference 
Ep = (63.521535 u — 62.929601 u)(931.5 MeV/u) = 551.4 MeV. 
The number of atoms in the sample is 


(0.003 kg) (6.02 x 10?°mol7 *) 5A 
= = 2.87 x 102. 
" (0.0629 kg /mol) a 


The total energy is then 


(2.87 x 10?”)(551.4 MeV) (1.6107 19J/eV) = 2.53x1077J. 


E50-18 (a) For ultra-relativistic particles E = pc, so 


(1240 MeV - fm) 


Mee EO ti, 
(480 MeV) Ne 


A= 


(b) Yes, since the wavelength is smaller than nuclear radii. 


E50-19| We will do this one the easy way because we can. This method won’t work except when 
there is an integer number of half-lives. The activity of the sample will fall to one-half of the initial 
decay rate after one half-life; it will fall to one-half of one-half (one-fourth) after two half-lives. So 
two half-lives have elapsed, for a total of (2)(140 d) = 280 d. 


E50-20 N = No(1/2)*/41/2, so 


N = (48x 1019) (0.5) ?6/(6-5) — 3.01029. 


E50-21 (a) ty/2 = In 2/(0.0108/h) = 64.2 h. 
(b) N = No(1/2)*/41/2, so 
N/No = (0.5) = 0.125. 


(c) N = No(1/2)*/*1/2, so 
N/No = (0.5)(240)/(64-2) — 0.0749. 
E50-22 (a) \ = (—dN/dt)/N, or 
d= (12/s)/(25x10"") = 48x 107"? fs. 


(b) t1/2 = In2/A, so 
tio = n2/(4.8x10718/s) = 1.44x 101s, 


which is 4.5 billion years. 
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E50-23) (a) The decay constant for °’Ga can be derived from Eq. 50-8, 


— Ind © In2 
tig (2.817x 105s) 


= 2.461 x1078s71. 


The activity is given by R = AN, so we want to know how many atoms are present. That can be 


found from ‘ 
3.42 g ( y ) ( ae = 3.077x 107? atoms. 


1.6605 x 10-24 g 66.93 u 
So the activity is 


R = (2.461 x 10~°/s~') (3.077 x 10° atoms) = 7.572 x 101° decays/s. 
(b) After 1.728 10°s the activity would have decreased to 


R= Roe = (7.572 10! decays/s)e~ (24610 °/s*)(1.728x10" s) — 4 949 x 1016 decays/s. 
E50-24 N= Noe, but \ = n2/t1;2, so 


1 t/tise 
NNGe In 2t/tij2 _ No(2)~*/1/2 = No (5) 


E50-25 The remaining 77° is 
N = (4.7x 1074) (0.5) @8)/01-48) — 8.6 x 107°. 
The number of decays, each of which produced an alpha particle, is 


(4.7x 107") — (8.6 x 107°) = 3.84 107". 


E50-26 The amount remaining after 14 hours is 
m = (5.50 g)(0.5) 94/027) — 9.562 g. 
The amount remaining after 16 hours is 
m = (5.50 g)(0.5)99)/C2-7) — 2,907 g. 
The difference is the amount which decayed during the two hour interval: 


(2.562 g) — (2.297 g) = 0.265 g. 


E50-27| (a) Apply Eq. 50-7, 


R=Roe™. 
We first need to know the decay constant from Eq. 50-8, 
In2 In2 
l= = ~ = 5.618x 10-757}. 


3 ti ja 7 (1.234 x 10 s) 


And the the time is found from 
R 
¢ = -—-—h— 
aes 
1 (170 counts/s) 


(5.618x10-%s-!) " (3050 counts/s)’ 
= 5.139 10°s + 59.5 days. 
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Note that counts/s is not the same as decays/s. Not all decay events will be picked up by a detector 
and recorded as a count; we are assuming that whatever scaling factor which connects the initial 
count rate to the initial decay rate is valid at later times as well. Such an assumption is a reasonable 
assumption. 

(b) The purpose of such an experiment would be to measure the amount of phosphorus that is 
taken up in a leaf. But the activity of the tracer decays with time, and so without a correction factor 
we would record the wrong amount of phosphorus in the leaf. That correction factor is Ro/R; we 
need to multiply the measured counts by this factor to correct for the decay. 

In this case 


R — prt e(5-618x10-"s~")(3.007x10° s) — 1.184. 
Ro 


E50-28 The number of particles of '47Sm is 


(0.001 kg)(6.02 x 10?°mol*) 


= 6.143 x 107°. 
(0.147 kg /mol) otesn 


n = (0.15) 


The decay constant is 
oe (120/s)/(6.143 x 10°) =1.95~x 10-19 /s. 


The half-life is 
tio = In2/(1.95x107"/s) = 3.55 x 10'8s, 


or 110 Gy. 


E50-29 The number of particles of 729Pu is 


(0.012 kg) (6.02 x 10?°mol” +) 35 
= = 3.023 x 10°”. 
me (0.239 kg /mol) : 


The number which decay is 
no — n = (3.025 x 1072) [1 (05 era 00) ef S08 10> 


The mass of helium produced is then 


004 kg /mol) (1.32 x 1022 
vy = (02004 kg /mol) (1.3 = 0S) = 8.78 107>kg. 
(6.02 x 1023mol~') 


E50-30 Let R33/(R33 + R32) = x, where zo = 0.1 originally, and we want to find out at what 
time x = 0.9. Rearranging, 
(R33 + R32)/R33 = 1/a, 


sO 


Since R = Ro(0.5)*/"1/2 we can write a ratio 


i —ljl= (= =. i) (0.5)¢/t32-#/t33 | 


Xo 


Put in some of the numbers, and 


In[(1/9)/(9)] = In{0.5]t (z - 5) , 


which has solution t = 209 d. 
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E50-31 


E50-32 (a) N/No = (6.5) AO S2) = 3.01072". 
(b) N/No = (0.5) (4500) /(0.034) =r, 


E50-33| The Q values are 


Qs = (235.043923 — 232.038050 — 3.016029)(931.5 MeV) = —9.46 MeV, 
Qs = (235.043923 — 231.036297 — 4.002603)(931.5 MeV) = 4.68 MeV, 
Qs = (235.043923 — 230.033127 — 5.012228)(931.5 MeV) = —1.33 MeV. 


Only reactions with positive Q values are energetically possible. 


E50-34 (a) For the 'C decay, 
Q = (223.018497 — 208.981075 — 14.003242)(931.5 MeV) = 31.84 MeV. 
For the *He decay, 


Q = (223.018497 — 219.009475 — 4.002603) (931.5 MeV) = 5.979 MeV. 
E50-35 Q = (136.907084 — 136.905821) (931.5 MeV) = 1.17 MeV. 


E50-36 Q = (1.008665 — 1.007825) (931.5 MeV) = 0.782 MeV. 


E50-37| (a) The kinetic energy of this electron is significant compared to the rest mass energy, 
so we must use relativity to find the momentum. The total energy of the electron is E = K + mc?, 
the momentum will be given by 


pe = VE2—m2ct = VK? 4+2Kme, 
V(.00 MeV)? + 2(1.00 MeV) (0.511 MeV) = 1.42 MeV. 


The de Broglie wavelength is then 


he (1240 MeV - fm) 
— —— = fi . 
onan Game, 


(b) The radius of the emitting nucleus is 
R= Ro A? = (1.2 fm)(150)"/3 = 6.4 fm. 


(c) The longest wavelength standing wave on a string fixed at each end is twice the length of 
the string. Although the rules for standing waves in a box are slightly more complicated, it is a fair 
assumption that the electron could not exist as a standing a wave in the nucleus. 

(d) See part (c). 
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E50-38 The electron is relativistic, so 


pe = VW E2—m2c4," 
(1.71 MeV + 0.51 MeV)? — (0.51 MeV)?2, 
2.16 MeV. 


I 


This is also the magnitude of the momentum of the recoiling 32S. Non-relativistic relations are 
K = p?/2m, so 
(2.16 MeV)? 


3(31.97)(031.5 Mev) ~ B-4eV 


E50-39 N = mN,/M, will give the number of atoms of 8Au; R = AN will give the activity; 
A = In2/t1/2 will give the decay constant. Combining, 
= NM, = Rty/2M, 


m= = 


Na In2N, — 


Then for the sample in question 


250)(3.7 x 10!°/s)(2. 
spy az (250)(3.7 x 101° /s) (2.693) (86400 s)(198 g/mol) _ ioeiere 
In 2(6.02 x 1023 /mol) 


E50-40 R= (8722/60s)/(3.7x 10!°/s) = 3.93 x 10-9Ci. 


E50-41| The radiation absorbed dose (rad) is related to the roentgen equivalent man (rem) by 
the quality factor, so for the chest x-ray 


(25 mrem) 


= 29 mrad. 
(0.85) ee 


This is well beneath the annual exposure average. 
Each rad corresponds to the delivery of 10~° J/g, so the energy absorbed by the patient is 


(0.029) (10~° J/g) (5) (88ke) = 1.28x1077J. 


E50-42 (a) (75 kg)(10~2J/kg) (0.024 rad) = 1.8x10-2J. 
(b) (0.024 rad)(12) = 0.29 rem. 


E50-43 R= Ro(0.5)*/*1/2, so 
Ro = (3.94 pCi) (2) (6-048x10°s) /(1.82x10°s) = 39.4 Ci. 


E50-44 (a) N= mN,/Mp, so 


(2x 10-3g)(6.02 x 1023 /mol) 
N = =v. . 
(239 g/mol) oe aa 


(b) R= AN = In2N/t12, SO 
R = 1n2(5.08 x 10') /(2.411 x 104y) (3.15 x 10"s/y) = 4.64 x 10°/s. 
(c) R= (4.64x 10°/s)/(3.7x 1019 decays/s - Ci) = 1.25 x 1074Ci. 
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E50-45| The hospital uses a 6000 Ci source, and that is all the information we need to find the 
number of disintegrations per second: 


(6000 Ci)(3.7x 10" decays/s - Ci) = 2.22 10 decays/s. 


We are told the half life, but to find the number of radioactive nuclei present we want to know the 
decay constant. Then 
fous n2 _ In2 


= _ = 4.17x107%s71. 
tia (1.66x 108s) et cr 


The number of ®©°Co nuclei is then 


R_ (2.22x10'* decays/s) oS 
N — — = . 2 1 . 
X Gime), ee 


E50-46 The annual equivalent does is 


(12x 10~*rem/h) (20 h/week)(52 week/y) = 1.25 rem. 


E50-47 (a) N=mN4/Mp and Mp = (226) + 2(35) = 296, so 


(1x 10-1g)(6.02 x 102 /mol) é 
(296 g/mol) Pee 


(b) R= AN = In2N/t12, SO 
R = In 2(2.03 x 107°) /(1600 y)(3.15 x 10’s/y) = 2.8 x 10°Bq. 


(c) (2.8 109) /(3.7x 10!°) = 76 mCi. 


E50-48 R=AN=In 2N/t1/2; sO 


(4.6 x 10-®)(3.7 x 1019 /s) (1.28 x 109y) (3.15 x 107s/y) 


N= 
In2 


= 9.9x 1071, 


N =mN,/Mpr, so 
(40 g/mol)(9.9 x 1024) 


me ooesimols 


E50-49| We can apply Eq. 50-18 to find the age of the rock, 


_ tipe Np 
a ein (1+ x) 
(4.47 10°y) |, , (2.00% 10~%g) /(206 g/mol) 
In2 (4.20 x 10-3g) /(238 g/mol) ) ’ 


= 2.83x10°y. 
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E50-50 The number of atoms of 7°°U originally present is 


(3.71 x 10-3g) (6.02 x 1023 /mol) 
(238 g/mol) 


N= = 9.38x 101°. 


The number remaining after 260 million years is 
N = (9.38 10!8)(0.5) 269 My)/(4470 My) _ 9 91 x 1038. 
The difference decays into lead (eventually), so the mass of lead present should be 


(206 g/mol)(0.37 x 1018) oe 
me (6.02 x 1023 /mol) nN *8 


E50-51 Wecan apply Eq. 50-18 to find the age of the rock, 


ti2 Nr 
t = —=_lIn{1+——— 
m2 a( +i), 


_ @A7x10°y) (: __ (150 x 107%g) /(206 Ny 


In2 (860 x 10-®g) /(238 g/mol) 
= 1.18x10°y. 


Inverting Eq. 50-18 to find the mass of 4°K originally present, 


Nr = 9t/ti2 =f, 


Ny 
so (since they have the same atomic mass) the mass of “°K is 


(1.6x 107% g) 


= -3 
90.18)/.28) 7 — 178 x10s. 


m= 


E50-52 (a) There is an excess proton on the left and an excess neutron, so the unknown must be 
a deuteron, or d. 

(b) We’ve added two protons but only one (net) neutron, so the element is Ti and the mass 
number is 43, or *°Ti. 

(c) The mass number doesn’t change but we swapped one proton for a neutron, so ‘Li. 


E50-53 Do the math: 


Q = (58.933200 + 1.007825 — 58.934352 — 1.008665) (931.5 MeV) = —1.86 MeV. 


E50-54 The reactions are 


201 o(-y, a)!97Pt, 
197 Au(n, p)!97Pt, 
196 pt (n, 7) here 
L98PE(y,n)197Pt, 
L96PE(d, p)!97Pt, 
Soe sa ys kal a 
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E50-55| We will write these reactions in the same way as Eq. 50-20 represents the reaction of 
Eq. 50-19. It is helpful to work backwards before proceeding by asking the following question: what 
nuclei will we have if we subtract one of the allowed projectiles? 

The goal is °°Co, which has 27 protons and 60 — 27 = 33 neutrons. 


1. Removing a proton will leave 26 protons and 33 neutrons, which is °°Fe; but that nuclide is 
unstable. 


2. Removing a neutron will leave 27 protons and 32 neutrons, which is ®°Co; and that nuclide is 
stable. 


3. Removing a deuteron will leave 26 protons and 32 neutrons, which is °°Fe; and that nuclide is 
stable. 


It looks as if only °°Co(n)®°Co and °8Fe(d)®°Co are possible. If, however, we allow for the possibility 
of other daughter particles we should also consider some of the following reactions. 


1. Swapping a neutron for a proton: °°Ni(n,p)°°Co. 

2. Using a neutron to knock out a deuteron: °'Ni(n,d)®°Co. 

3. Using a neutron to knock out an alpha particle: °?Cu(n,a)°°Co. 
4. Using a deuteron to knock out an alpha particle: ©*Ni(d,a)°°Co. 


E50-56 (a) The possible results are ®*Zn, ®°Zn, ©4Cu, °°Cu, ®Ni, Ni, ©Zn, and ®&’Zn. 
(b) The stable results are ©4Zn, °©Zn, Ni, and ©’Zn. 


E50-57 
E50-58 The resulting reactions are 19*Pt(d,a)197Ir, 1°SPt(d,a)!*4Ir, and °°Pt(d,a)!*°lr. 
E50-59 
E50-60 Shells occur at numbers 2, 8, 20, 28, 50, 82. The shells occur separately for protons and 
neutrons. To answer the question you need to know both Z and N = A — Z of the isotope. 

(a) Filled shells are 80, ®°Ni, 9?Mo, 144Sm, and ?°7Pb. 


ne nucleon outside a shell are r an . 
(b) O 1 ide a shell are 4°K, °!Zr, !24Sb, and 48Nd 
Cc ne vacancy In a shell are 1 an . 
(c) O y in a shell are '8C, 4°K, Ti, 2°TI, and 2°7Pb 


E50-61]| (a) The binding energy of this neutron can be found by considering the Q value of the 
reaction °°Zr(n)°!Zr which is 


(89.904704 + 1.008665 — 90.905645)(931.5 MeV) = 7.19 MeV. 


(b) The binding energy of this neutron can be found by considering the Q value of the reaction 
89Zr(n)°°Zr which is 


(88.908889 + 1.008665 — 89.904704)(931.5 MeV) = 12.0 MeV. 


This neutron is bound more tightly that the one in part (a). 
(c) The binding energy per nucleon is found by dividing the binding energy by the number of 


nucleons: 
(40 x 1.007825 + 51 x 1.008665 — 90.905645) (931.5 MeV) 


91 
The neutron in the outside shell of 9'Zr is less tightly bound than the average nucleon in 9!Zr. 


= 8.69 MeV. 
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P50-1| Before doing anything we need to know whether or not the motion is relativistic. The 
rest mass energy of an a@ particle is 


me? = (4.00)(931.5 MeV) = 3.73 GeV, 


and since this is much greater than the kinetic energy we can assume the motion is non-relativistic, 
and we can apply non-relativistic momentum and energy conservation principles. The initial velocity 
of the a particle is then 


v = (2K /m = c\/2K/me2 = cv/2(5.00 MeV) /(3.73 GeV) = 5.18 x 10~7e. 


For an elastic collision where the second particle is at originally at rest we have the final velocity 
of the first particle as 


(4.00u) — (197u) 


m2 — ™i 2 =, 
DE 5 18510 = —4,97x10 
iota oS OO (OTH) Roe me 


Vi = U1,i 


while the final velocity of the second particle is 


2m 9 2(4.00u) <s 

= V1 43——— _ = (5.18 x 10 ——_———___ = 2.06 10° °e. 

egy ee (4.00u) + (1970) Re 
(a) The kinetic energy of the recoiling nucleus is 


1 1 
k= 5m = 577(2.06 x 107 3c)? = (2.12x 107°) me? 


= (2.12x 10~°)(197)(931.5 MeV) = 0.389 MeV. 
(b) Energy conservation is the fastest way to answer this question, since it is an elastic collision. 


Then 
(5.00 MeV) — (0.389 MeV) = 4.61 MeV. 


P50-2 The gamma ray carries away a mass equivalent energy of 
m+ = (2.2233 MeV)/(931.5 MeV/u) = 0.002387 u. 
The neutron mass would then be 


mn = (2.014102 — 1.007825 + 0.002387)u = 1.008664 u. 


P50-3 (a) There are four substates: m,; can be +3/2, +1/2, -1/2, and -3/2. 
(b) AE = (2/3)(3.26) (3.15 x 10-8eV/T) (2.16 T) = 1.48x 10-7eV. 
(c) A= (1240 eV - nm) /(1.48x 10-7eV) = 8.38 m. 
(d) This is in the radio region. 


P50-4 (a) The charge density is p = 3Q/47R°. The charge on the shell of radius r is dg = 4ar?pdr. 
The potential at the surface of a solid sphere of radius r is 


Se Mee 
Aregr  3€q_ 


The energy required to add a layer of charge dq is 


Anp?r4 
3€0 


dU =Vdq= dr, 
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which can be integrated to yield 
UK Arp*R? — 3Q? 
~~ Be 20g R’ 


(b) For 23°Pu, 


3(94)2(1.6 x 101°C) 


Ux = 1024x 10%eV. 
207(8.85 x 10-12F /m)(7.45 x 10-5) ere 


(c) The electrostatic energy is 10.9 MeV per proton. 


P50-5| The decay rate is given by R = AN, where N is the number of radioactive nuclei present. 
If R exceeds P then nuclei will decay faster than they are produced; but this will cause N to decrease, 
which means R will decrease until it is equal to P. If R is less than P then nuclei will be produced 
faster than they are decaying; but this will cause N to increase, which means R will increase until it 
is equal to P. In either case equilibrium occurs when R = P, and it is a stable equilibrium because 
it is approached no matter which side is larger. Then 


P=R=XN 
at equilibrium, so N = P/X. 


P50-6 (a) A= AN; at equilibrium A = P, so P = 8.88x 10!0/s. 
(b) (8.88x101°/s)(1—e~°-769") _ where ¢ is in hours. The factor 0.269 comes from In(2)/(2.58) = A. 
(c) N = P/X = (8.88 10!°/s)(3600 s/h) /(0.269/h) = 1.19x 102°. 
(d) m= NM,/Na, or 
(1.19 x 101°) (55.94 g/mol) 


= =1.10x10~g. 
o (6.02 x 1023 //mol) ee 


P50-7 (a) A=AN, so 


—3 23 
_ In2mN4 _ In2(1x1073g)(6.02x1078/mol) _ 3.66%107 fs. 
tijoM,  (1600)(3.15x 107s) (226 g/mol) 


(b) The rate must be the same if the system is in secular equilibrium. 
(c) N = P/X= t1/2P/In2, so 


(3.82) (86400 s) (3.66 x 107 /s) (222 g/mol) 7 
= = 6.43x10-%g. 
m (6.02 x 1023/mol) In 2 BO 


P50-8 The number of water molecules in the body is 
N = (6.02 x 1078 /mol)(70 x 103g) /(18 g/mol) = 2.34 x 10?". 
There are ten protons in each water molecule. The activity is then 


A = (2.34x 102") In2/(1 x 10%?y) = 1.62x 107°/y. 


The time between decays is then 
1/A = 6200 y. 
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P50-9| Assuming the 7°5U nucleus is originally at rest the total initial momentum is zero, which 
means the magnitudes of the final momenta of the a particle and the 2°4Th nucleus are equal. 
The a particle has a final velocity of 


v = V2K/m = cV/2K/me2 = cv/2(4.196 MeV) /(4.0026 x 931.5 MeV) = 4.744 107? 


Since the magnitudes of the final momenta are the same, the ?°4Th nucleus has a final velocity 


of 
4.0026 u) 
4.744 x 107? Oey) = 113x104 
(4.744 x 10 (Gers) 8.113 x 10 
The kinetic energy of the 7°4Th nucleus is 
1 1 
K= zm = 5m(8.113x 1074)? = (3.291 x 10~")me? 


= (3.291 x 1077) (234.04)(931.5 MeV) = 71.75 keV. 
The Q value for the reaction is then 
(4.196 MeV) + (71.75 keV) = 4.268 MeV, 
which agrees well with the Sample Problem. 
P50-10 (a) The Q value is 
Q = (238.050783 — 4.002603 — 234.043596) (931.5 MeV) = 4.27 MeV. 
(b) The Q values for each step are 


238.050783 — 237.048724 — 1.008665) (931.5 MeV) = —6.153 MeV, 


( 
237.048724 — 236.048674 — 1.007825) (931.5 MeV) = —7.242 MeV, 
236.048674 — 235.045432 — 1.008665) (931.5 MeV) = —5.052 MeV, 
235.045432 — 234.043596 — 1.007825) (931.5 MeV) = —5.579 MeV. 


(c) The total Q for part (b) is —24.026 MeV. The difference between (a) and (b) is 28.296 MeV. 
The binding energy for the alpha particle is 


a 
Q = ( 
Q = ( 
Q = ( 


E = [2(1.007825) + 2(1.008665) — 4.002603](931.5 MeV) = 28.296 MeV. 


P50-11 (a) The emitted positron leaves the atom, so the mass must be subtracted. But the 
daughter particle now has an extra electron, so that must also be subtracted. Hence the factor 
—2Me. 


(b) The Q value is 


Q = [11.011434 — 11.009305 — 2(0.0005486)](931.5 MeV) = 0.961 MeV. 


P50-12 (a) Capturing an electron is equivalent to negative beta decay in that the total number 
of electrons is accounted for on both the left and right sides of the equation. The loss of the K shell 


electron, however, must be taken into account as this energy may be significant. 
(b) The Q value is 


Q = (48.948517 — 48.947871)(931.5 MeV) — (0.00547 MeV) = 0.596 MeV. 
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P50-13| The decay constant for °°Sr is 


= In2 * In2 
tye (9.15 x 108s) 


= 7.58x1071%s~?, 


The number of nuclei present in 400 g of 9°Sr is 


(6.02 x 103 /mol) 


N= Ae) (609 ay mal) 


= 2.68 x 1074, 


so the overall activity of the 400 g of 9°Sr is 
R=XN = (7.58x1071°s~) (2.68 x 1074) /(3.7 x 101°/Ci- s) = 5.49 10* Ci. 
This is spread out over a 2000 km? area, so the “activity surface density” is 


(5.49 x 104 Ci) 


ee OAR in 
(20006 m2) . te 


If the allowable limit is 0.002 mCi, then the area of land that would contain this activity is 


(0.002 x 10-3 Ci) 


= 7.30 1072m?. 
(2.74x 10-5 Ci/m?) apa 


P50-14 (a) N=mN,/M,, so 
N = (2.5x107%g)(6.02 x 1078 /mol)/(239 g/mol) = 6.3x 1078. 
(b) A = In2N/t;/2, so the number that decay in 12 hours is 


In 2(6.3 x 1018) (12) (3600 s) 
(24100)(3.15 x 107s) 


= 25x10". 


(c) The energy absorbed by the body is 
E = (2.5x101")(5.2 MeV) (1.6 x 10719J/eV) = 0.20 J. 
(d) The dose in rad is (0.20 J)/(87kg) = 0.23 rad. 
(e) The biological dose in rem is (0.23)(13) = 3 rem. 
P50-15 (a) The amount of 73°U per kilogram of granite is 


ny = (4X10-Fke)(6.0210/mol) _ | 9, sg10 
7 (0.238 kg/mol) oe 


The activity is then 
In 2(1.01 x 10°) 
(4.47 x 10°y)(3.15 x 10%s/y) 


The energy released in one second is 


A= 


= 49.7/s. 


E = (49.7/s)(51.7 MeV) = 4.1x 10719. 
The amount of 78?Th per kilogram of granite is 


(13x 10-®kg)(6.02 x 1028 /mol) rn 
= = 3.37x 102. 
a (0.232 kg/mol) cy 
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The activity is then 


In 2(3.37 x 1019) 
pe = 52.6/s. 
(1.41 x 10!y) (3.15 x 107s/y) ae 


The energy released in one second is 


E = (52.6/s)(42.7 MeV) = 3.6x1071°J. 
The amount of 4°K per kilogram of granite is 


(4x 10-°kg) (6.02 x 1023 /mol) “ 
N — = V0. 2 1 . 
(0.040 kg/mol) ea 


The activity is then 


In 2(6.02x 10!9 
A= el ea = 1030/s. 
(1.28 x 10°y) (3.15 x 107s/y) 


The energy released in one second is 


E = (1030/s)(1.32 MeV) = 2.2 1071°J. 


The total of the three is 9.9x10~!°W per kilogram of granite. 
(b) The total for the Earth is 2.7x 1013 W. 


P50-16 (a) Since only a is moving originally then the velocity of the center of mass is 


MaVva + mx (0) Ma 


Va : 
Mx + Ma Ma +Mx 


No, since momentum is conserved. 
(b) Moving to the center of mass frame gives the velocity of X as V, and the velocity of a as 
Ua — V. The kinetic energy is now 


Kom — 


Yes; kinetic energy is not conserved. 


(c) Ua = 2K /m, so 


Va = V/2(15.9 MeV)/(1876 MeV)c = 0.130c. 


The center of mass velocity is 


(2) = 
V = (0.130c) ———~. = 2.83 x 10 : 
COG 
Finally, 
(90) 
Kem = (15.9 MeV) —-—~—~ = 15.6 MeV. 
(15.9 MeV) F (90) : 
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P50-17 Let Q = Key in the result of Problem 50-16, and invert, solving for Kyap. 


P50-18 (a) Removing a proton from ?°°Bi: 
E = (207.976636 + 1.007825 — 208.980383) (931.5 MeV) = 3.80 MeV. 
Removing a proton from ?°°Pb: 
E = (206.977408 + 1.007825 — 207.976636) (931.5 MeV) = 8.01 MeV. 
(b) Removing a neutron from ?°°Pb: 
E = (207.976636 + 1.008665 — 208.981075) (931.5 MeV) = 3.94 MeV. 
Removing a neutron from ?°°Pb: 


E = (206.975881 + 1.008665 — 207.976636) (931.5 MeV) = 7.37 MeV. 
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E51-1 (a) For the coal, 
m = (1x 10°J)/(2.9x107J/kg) = 34kg. 


(b) For the uranium, 


m = (1x10°J)/(8.2x 10'3J/kg) = 1.2x107°kg. 


E51-2 (a) The energy from the coal is 
E = (100kg)(2.9 x 107J/kg) = 2.9x 10°J. 
(b) The energy from the uranium in the ash is 


E = (3x107°)(100 kg) (8.2 10'°J) = 2.5x10'°J. 


E51-3| (a) There are 


(1.00 kg) (6.02 x 10?%mol*) 


= 2.56 x 1074 
(235¢/mol) 


atoms in 1.00 kg of 7°°U. 
(b) If each atom releases 200 MeV, then 


(200 x 10° eV) (1.6 x 10719J/ eV) (2.56 x 107*) = 8.19x 1013 J 


of energy could be released from 1.00 kg of 7°°U. 
(c) This amount of energy would keep a 100-W lamp lit for 


(8.19 x 10'3 J) 


*="~G00 W) 


= 8.19 10!'s = 26,000 y! 


E51-4 2W=1.25x10!%eV/s. This requires 
(1.25 x 10'%eV/s)/(200 x 10°eV) = 6.25 x 10'°/s 


as the fission rate. 


E51-5 There are 
(1.00 kg) (6.02 x 10?8mol*) 


(235g/mol) 
atoms in 1.00 kg of 7°°U. If each atom releases 200 MeV, then 


= 2.56 x 1074 


(200 x 10° eV) (1.6 x 10719J/ eV) (2.56 x 1074) = 8.19 x 101° J 


of energy could be released from 1.00 kg of 2°°U. This amount of energy would keep a 100-W lamp 


lit for 


(8.19 x 10'3 J) a 


E51-6 There are 
(1.00 kg) (6.02 x 10?8mol~*) 


(239g/mol) 
atoms in 1.00 kg of 78°Pu. If each atom releases 180 MeV, then 


= 2.521074 


(180 x 10° eV) (1.6 x 10719J/ eV) (2.52 x 1074) = 7.25x 101° J 


of energy could be released from 1.00 kg of 7°9Pu. 
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E51-7| When the 7°°U nucleus absorbs a neutron we are given a total of 92 protons and 142 
neutrons. Gallium has 31 protons and around 39 neutrons; chromium has 24 protons and around 
28 neutrons. There are then 37 protons and around 75 neutrons left over. This would be rubidium, 
but the number of neutrons is very wrong. Although the elemental identification is correct, because 
we must conserve proton number, the isotopes are wrong in our above choices for neutron numbers. 


E51-8 Beta decay is the emission of an electron from the nucleus; one of the neutrons changes into 
a proton. The atom now needs one more electron in the electron shells; by using atomic masses (as 
opposed to nuclear masses) then the beta electron is accounted for. This is only true for negative 
beta decay, not for positive beta decay. 


E51-9 (a) There are 
(1.0 g)(6.02 x 10?8mol7*) 
(235g /mol) 


atoms in 1.00 g of ?°°U. The fission rate is 


A= In2N/ty/2 = In 2(2.56 x 107") /(3.5 x 10'”y) (365d/y) = 13.9/d. 


= 2.56x 107! 


(b) The ratio is the inverse ratio of the half-lives: 


(3.5x 10!y)/(7.04x 108y) = 4.97 x 108. 


E51-10 (a) The atomic number of Y must be 92—54 = 38, so the element is Sr. The mass number 
is 235 +1— 140 —1=95, so Y is 9Sr. 

(b) The atomic number of Y must be 92 — 53 = 39, so the element is Y. The mass number is 
235 + 1—139-2=95, so Y is *°Y. 
(c) The atomic number of X must be 92 — 40 = 52, so the element is Te. The mass number is 
235 +1—100—2= 134, so X is 84Te. 

(d) The mass number difference is 235 + 1 — 141 — 92 = 3, so b=3. 


E51-11 The Q value is 
Q = [51.94012 — 2(25.982593)](931.5 MeV) = —23 MeV. 


The negative value implies that this fission reaction is not possible. 


E51-12 The Q value is 
Q = [97.905408 — 2(48.950024)](931.5 MeV) = 4.99 MeV. 


The two fragments would have a very large Coulomb barrier to overcome. 


E51-13| The energy released is 


(235.043923 — 140.920044 — 91.919726 — 2 x 1.008665) (931.5 MeV) = 174 MeV. 
E51-14 Since E,, > Ey fission is possible by thermal neutrons. 
E51-15 (a) The uranium starts with 92 protons. The two end products have a total of 58 + 44 = 


102. This means that there must have been ten beta decays. 
(b) The Q value for this process is 


Q = (238.050783 + 1.008665 — 139.905434 — 98.905939) (931.5 MeV) = 231 MeV. 
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E51-16 (a) The other fragment has 92 — 32 = 60 protons and 235 + 1 — 83 = 153 neutrons. That 
element is 1°3Nd. 

(b) Since K = p?/2m and momentum is conserved, then 2m;K, = 2m2K 2. This means that 
Kog= (m1 /m2) Ky. But ky + Ko= Q, so 


m2 +My, 
ky = Q, 
m2 
or a 
2 
ky = Q, 
my + me 


with a similar expression for Ky. Then for °°Ge 


1 
= ea MeV) = 110 MeV, 
while for &8Nd 
(83) 
(c) For §°Ge, 
a MeV) 
(031 MeV) c = 0.0538c, 


while for °3Nd 


2K 2(60 MeV) 
= = 0.029e. 
- 153)(931 MeV) © . 


E51-17| Since ??9Pu is one nucleon heavier than 7°°U only one neutron capture is required. The 
atomic number of Pu is two more than U, so two beta decays will be required. The reaction series 
is then 


38 4n 3 239, 
239, 29ND 4+ 6-47 
39ND + py + 6-45. 


E51-18 Each fission releases 200 MeV. The total energy released over the three years is 
(190 x 10°W)(3) (3.15 x 10s) = 1.8 10'°J. 


That’s 
(1.8 10'°J)/(1.6 x 107° /eV)(200 x 10°eV) = 5.6 x 107° 


fission events. That requires 
= (5.6 x 10°°) (0.235 kg /mol) /(6.02 x 1073 /mol) = 218kg. 


But this is only half the original amount, or 437 kg. 


E51-19 According to Sample Problem 51-3 the rate at which non-fission thermal neutron capture 
occurs is one quarter that of fission. Hence the mass which undergoes non-fission thermal neutron 
capture is one quarter the answer of Ex. 51-18. The total is then 


(437 kg)(1 + 0.25) = 546 kg. 
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E51-20 (a) Qe = E/AN, where E is the total energy released and AN is the number of decays. 


This can also be written as 
Oe P = Ptij2 = Pty/2M, 
ofA In2N~ In2Nam’ 
where A is the activity and P the power output from the sample. Solving, 
(2.3 W)(29 y)(3.15 x 107s)(90 g/mol) 


eff = = 4.53x10713J = 2.8 MeV. 
Cet In 2(6.02 x 1023/mol)(1 g) Pee Ape 


(b) P = (0.05)m(2300 W/kg), so 


—  @asow) 
™ = 70 05)(2300 W/ke) ~ 138: 


E51-21/ Let the energy released by one fission be £1. If the average time to the next fission event 
is tgen, then the “average” power output from the one fission is P; = Ey /tgen. If every fission event 
results in the release of k neutrons, each of which cause a later fission event, then after every time 
period tgen the number of fission events, and hence the average power output from all of the fission 
events, will increase by a factor of k. 

For long enough times we can write 


P(t) = Pokt/tees, 


E51-22 Invert the expression derived in Exercise 51-21: 


P teenft (1.3x1073s) /(2.6s) 
ee ee =f 0): ~ 0.99938. 
Po (1200) 


E51-23 Each fission releases 200 MeV. Then the fission rate is 
(500 x 10°W) /(200 x 10°eV) (1.6 x 10719J/eV) = 1.6 10'°/s 
The number of neutrons in “transit” is then 


(1.6 10'9/s)(1.0x 107s) = 1.6 107°. 


E51-24 Using the results of Exercise 51-21: 
P = (400 MW)(1.0003)%)/(-03s) — g930 MW. 


E51-25| The time constant for this decay is 


In2 
= eee 2: 1 oe ol. 
A= @r7xi0es) OXI 


The number of nuclei present in 1.00 kg is 


(1.00 kg) (6.02 x 1073 mol~*) 
(238 g/mol) 


N= = 2.53x 107". 


The decay rate is then 
R= XN = (2.50x 107 s—1)(2.53 x 1074) = 6.33x10"4s—!. 
The power generated is the decay rate times the energy released per decay, 


P = (6.33 10's~1)(5.59 x 10° eV)(1.6x 10719 J/eV) = 566 W. 
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E51-26 ‘The detector detects only a fraction of the emitted neutrons. This fraction is 


A (2.57) A 
In? In(asmj2 2 *10 


The total flux out of the warhead is then 


(4.0/s)/(1.62x 10~*) = 2.47x10*/s. 


The number of 289Pu atoms is 


4a 11 7 
Na A = ATX 104/s)(1.34 x 10"Y)(3.15 x 107S/¥) _ 6 491922. 
5 In 2(2.5) 


That’s one tenth of a mole, so the mass is (239) /10 = 24 g. 


E51-27 Using the results of Sample Problem 51-4, 


sO 


E51-28 


,— BMRO/RO) 
As Ag 


_ ___Inf(0.03)/(0.0072)) 
t= Og —0.188)(1x10-3)) = 1.72 x 10°y. 


(a) (15x 10°W - y)(2x10°y) = 7.5x 104W. 


(b) The number of fissions required is 


9 i i 
yn a= (15x 10EW (3.15 x10!s/y) _ 5 5 1928. 
(200 MeV) (1.6 x 10-!9J/eV) 


The mass of 73°U consumed is 


E51-29 


m = (1.5x 1078)(0.235kg/mol) /(6.02 x 1073 /mol) = 5.8 x 10°kg. 


If 2°8U absorbs a neutron it becomes 7%°U, which will decay by beta decay to first 73°Np 


and then 73°Pu; we looked at this in Exercise 51-17. This can decay by alpha emission according to 


239Dy _ 235 Uta 


E51-30 The number of atoms present in the sample is 


N = (6.02 x 108 /mol)(1000 kg) /(2.014g/mol) = 2.99 x 10°°. 


It takes two to make a fusion, so the energy released is 


(3.27 MeV)(2.99 x 107°) /2 = 4.89 x 10?°MeV. 


That’s 7.8 x10!°J, which is enough to burn the lamp for 


t = (7.8x 10'°J)/(100 W) = 7.8x10''s = 24800 y. 


E51-31 The potential energy at closest approach is 


Bez (1.6x 10-19C)2 


= = 9x 10°eV. 
Ai(S65x10-URm\6xi0-m) 
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E51-32 The ratio can be written as 
n(k1) * [1 ((q2—K1)/eT 
n( K2) Ko : 


(5000 eV) ((—s100 eV) /(8.62x10- °eV/K)(1.5x10"K) _ 9 15, 
(1900 eV) << 


so the ratio is 


E51-33 (a) See Sample Problem 51-5. 


E51-34 Add up all of the Q values in the cycle of Fig. 51-10. 


E51-35| The energy released is 


(3 x 4.002603 — 12.0000000)(931.5 MeV) = 7.27 MeV. 


E51-36 (a) The number of particle of hydrogen in 1 m° is 
N = (0.35)(1.5 x 10°kg) (6.02 x 1073 /mol) /(0.001 kg/mol) = 3.16 x 10°" 
(b) The density of particles is N/V = p/kT; the ratio is 


(3.16 x 108!) (1.38 x 10-23J /K)(298 K) 


= 1.2x10°. 
(1.01 x 105Pa) . 


E51-37 (a) There are 
(1.00 kg) (6.02 x 10?3mol~') 


(1g/mol) 
atoms in 1.00 kg of 'H. If four atoms fuse to releases 26.7 MeV, then 


= 6.02 x 107° 


(26.7 MeV) (6.02 x 10°) /4 = 4.0 10°’MeV 


of energy could be released from 1.00 kg of +H. 
(b) There are 
(1.00 kg) (6.02 x 10?8mol7') 
(235g/mol) 


atoms in 1.00 kg of 2°°U. If each atom releases 200 MeV, then 


= 2.56 x 1074 


(200 MeV) (2.56 x 1074) = 5.1 x 10?°MeV 


of energy could be released from 1.00 kg of 7°°U. 


E51-38 (a) E = Amc’, so 


(3.9 1026J/s) . 
Ani ee, 3. 
m (3.0x 10®m/s)? 4.3x 10°kg/s 


(b) The fraction of the Sun’s mass “lost” is 


(4.3 x 10%kg/s) (3.15 x 107s/y)(4.5 x 10°y) 


(2.0 10°%kg) = 0.03%. 
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E51-39| The rate of consumption is 6.2 x 10!'kg/s, the core has 1/8 the mass but only 35% is 
hydrogen, so the time remaining is 


t = (0.35)(1/8)(2.0 x 10°°kg) /(6.2x 10'!kg/s) = 1.4x101"s, 


or about 4.5x 10° years. 


E51-40 For the first two reactions into one: 
Q = [2(1.007825) — (2.014102)](931.5 MeV) = 1.44 MeV. 
For the second, 
Q = [(1.007825) + (2.014102) — (3.016029)|(931.5 MeV) = 5.49 MeV. 
For the last, 
Q = [2(3.016029) — (4.002603) — 2(1.007825)](931.5 MeV) = 12.86 MeV. 


E51-41 (a) Use mN4/M,;, = N, so 


(0.012 kg/mol) 1 
(6.02 x 1023 /mol) (1.6x 10-9J/eV) 


(3.3x 10'J/kg) =4.1 eV. 


(b) For every 12 grams of carbon we require 32 grams of oxygen, the total is 44 grams. The total 
mass required is then 40/12 that of carbon alone. The energy production is then 


(3.3x 1075 /kg)(12/44) = 9x 10° /kg. 
(c) The sun would burn for 


(2x 10°°kg) (9 x 10° J/kg) 


= 4.6x 101s. 
(3.9 x 1026W) antes 


That’s only 1500 years! 


E51-42 The rate of fusion events is 


(5.3 x 102°W) 
(7.27 x 108eV) (1.6 x 10-19J/eV) 


= 4.56 x 104?/s. 


The carbon is then produced at a rate 
(4.56 x 107?/s)(0.012 kg/mol) /(6.02 x 1073/mol) = 9.08 x 10!°kg/s. 
The process will be complete in 


(4.6 x 10°2kg) 
(9.08 x 10!%kg /s)(3.15 x 107s/y) 


= 1.6x108y. 


E51-43 (a) For the reaction d-d, 
Q = [2(2.014102) — (3.016029) — (1.008665)](931.5 MeV) = 3.27 MeV. 
(b) For the reaction d-d, 
Q = [2(2.014102) — (3.016029) — (1.007825)](931.5 MeV) = 4.03 MeV. 
(c) For the reaction d-t, 
Q = [(2.014102) + (3.016049) — (4.002603) — (1.008665)] (931.5 MeV) = 17.59 MeV. 


321 


E51-44 One liter of water has a mass of one kilogram. The number of atoms of 7H is 


(6.02 x 1023 /mol) 


= 45x10”. 
(0.002 kg/mol) * 


(0.00015 kg) 


The energy available is 
(3.27 x 10°eV) (1.6 x 107 9S /eV) (4.5 x 107”) /2 = 1.18 x10"°J. 


The power output is then 
(1.18 x 101°J) 


a = 1 Ax 108W 
(864005) . 


E51-45| Assume momentum conservation, then 


Pa = Pn OF Un/Ve = Me/My. 


The ratio of the kinetic energies is then 


Then K, = 4Q/5 = 14.07 MeV while K, = Q/5 = 3.52 MeV. 


E51-46 The Q value is 
Q = (6.015122 + 1.008665 — 3.016049 — 4.002603) (931.5 MeV) = 4.78 MeV. 
Combine the two reactions to get a net Q = 22.37 MeV. The amount of °Li required is 
N = (2.6x 10?®MeV)/(22.37 MeV) = 1.16 x 10’. 


The mass of LiD required is 


spy a (E16 x 1077)(0.008 ke/mol) _ Pate 
(6.02 x 1023 /mol) res 


P51-1| (a) Equation 50-1 is 


R= RA‘, 


where Ro = 1.2 fm. The distance between the two nuclei will be the sum of the radii, or 
Ro ((140)1/? if (94)'/*) 
The potential energy will be 


1 mq 
Ue Aneg rv’ 
e? (54) (38) 
Arreg Ro ((140)!/3 + (94)1/3) ’ 
_ (1.60 x 10-!9C)? Si 
4n(8.85 x 10-!2C?/Nm?) (1.2 fm)" ” 


= 253 MeV. 


(b) The energy will eventually appear as thermal energy. 
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P51-2 (a) Since R= Ro WA, the surface area a is proportional to A?/3. The fractional change in 


surface area is 
(a; +42) — a _ (140)?/3 + (96)?/3 — (236)?/9 _ ea) 
ao 7 (236)2/3 = 0. 


(b) Nuclei have a constant density, so there is no change in volume. 
(c) Since U x Q?/R, U x Q?/WA. The fractional change in the electrostatic potential energy is 


Ur+U2—Up _ (54)?(140)-1/ + (38)?(96)—-1/3 — (92)?(236)-1/3 36% 
UO (92)2(236) 178 ve 


P51-3 (a) There are 
(2.5 kg) (6.02 x 10?8mol~') 
(239g /mol) 


atoms in 2.5 kg of 28°Pu. If each atom releases 180 MeV, then 


= 6.29 1074 


(180 MeV) (6.29 x 107*) /(2.6 x 108MeV/megaton) = 44 kiloton 


is the bomb yield. 


P51-4 (a) In an elastic collision the nucleus moves forward with a speed of 


2Mn 


VU = VO 5 
Mntm 


so the kinetic energy when it moves forward is 


AS 4m? _K Mnm 
° Gt me (mm tm)” 


where we can write AK because in an elastic collision whatever energy kinetic energy the nucleus 
carries off had to come from the neutron. 
(b) For hydrogen, 


AK _ 4(1)(1) “$500 
kK (141920 07°" 
For deuterium, 
AK 4(1)(2) _ 
i Geo 
For carbon, 
Ak — 4(1)(12) _ 
K (1412) ee 
For lead, 
AK A(1)(2 
= 7)208) = 0.019. 


K ~ (14206) 


(c) If each collision reduces the energy by a factor of 1—0.89 = 0.11, then the number of collisions 
required is the solution to 
(0.025 eV) = (1x10%eV)(0.11)%, 


which is N = 8. 
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P51-5 The radii of the nuclei are 
R= (1.2 fm) V7 = 2.3 fm. 
The using the derivation of Sample Problem 51-5, 
(3)?(1.6 x 10-19C)? 


= = 14x 10%eV. 
167(8.85 x 10-!2F/m)(2.3x10-m) saat 
P51-6 (a) Add up the six equations to get 
120 pA BN BG IAN Heh OVENS AS 


BN4 yd BOrettv4M4Ngy4b O474UN+ettv4? O44 He. 
Cancel out things that occur on both sides and get 
‘H+'H+'H+'H>ytet+u+y+ytet +v +" He. 


(b) Add up the Q values, and then add on 4(0.511 MeV for the annihilation of the two positrons. 


P51-7/ (a) Demonstrating the consistency of this expression is considerably easier than deriving 
it from first principles. From Problem 50-4 we have that a uniform sphere of charge @ and radius 
R has potential energy 


_ 30° 
~ 207egR 
This expression was derived from the fundamental expression 
1 qd 
dU — cee 
4nég 
For gravity the fundamental expression is 
dU = Gm an 
r 


so we replace 1/47¢9 with G and Q with M. But like charges repel while all masses attract, so we 
pick up a negative sign. 
(b) The initial energy would be zero if R = co, so the energy released is 
_ 3GM? _ 3(6.7x10~1!N-m?/kg*)(2.0 x 10°°kg)? 


= = 2.3x1071J. 
a ae 5(7.0x 108m) m 


At the current rate (see Sample Problem 51-6), the sun would be 


(23 %4107"J) ie. 


or 187 million years old. 
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P51-8 (a) The rate of fusion events is 


(3.9 x 102W) 
(26.2 x 108eV) (1.6 x 10-19J /eV) 


= 9.3x 10°" /s. 


Each event produces two neutrinos, so the rate is 
1.86 x 10°°/s. 


(b) The rate these neutrinos impinge on the Earth is proportional to the solid angle subtended 
by the Earth as seen from the Sun: 


nr? (6.37 x 10°m)? 


= =45 10>" 
he Aso 


so the rate of neutrinos impinging on the Earth is 
(1.86 x 10°°/s)(4.5x 107 1°) = 8.4x 1078 /s. 
P51-9 (a) Reaction A releases, for each d 
(1/2)(4.03 MeV) = 2.02 MeV, 
Reaction B releases, for each d 
(1/3)(17.59 MeV) + (1/3)(4.03 MeV) = 7.21 MeV. 
Reaction B is better, and releases 
(7.21 MeV) — (2/02 MeV) = 5.19 MeV 


more for each N. 
P51-10 (a) The mass of the pellet is 
4 
m= 37 (20x 10~°m)?(200 kg/m*) = 6.7x107'?kg. 


The number of d-t pairs is 


(6.7 x 10-12kg) (6.02 x 1023 /mol) 
(0.005 kg/mol) 


N= = 8.06 10", 


and if 10% fuse then the energy release is 
(17.59 MeV)(0.1)(8.06 x 10") (1.6 x 107!9J/eV) = 230 J. 


(b) That’s 
(230 J) /(4.6 x 10°J/kg) = 0.05 kg 


of TNT. 
(c) The power released would be (230 J)(100/s) = 2.3 x 104W. 
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E52-1| (a) The gravitational force is given by Gm?/r?, while the electrostatic force is given by 
q?/4reor?. The ratio is 


AregGm? Ar(8.85 x 10—!2C? /Nm?) (6.67 x 107! Nm?/kg”) (9.11 x 10734kg)? 
@2 (1.60 x 10-19)? ; 
= 24x107*%. 


Gravitational effects would be swamped by electrostatic effects at any separation. 
(b) The ratio is 


@2 (1.60 x 10-19)? 
= 8.1x107%". 


AmegGm? 4r(8.85 x 10-12C2 /Nm?)(6.67 x 107 !! Nm? /kg?) (1.67 x 10-2"kg)? 


E52-2 (a) Q = 938.27 MeV — 0.511 MeV) = 937.76 MeV. 
(b) Q = 938.27 MeV — 135 MeV) = 803 MeV. 


E52-3 The gravitational force from the lead sphere is 


Gm.M - 4nGom.R 
R2 3 ; 
Setting this equal to the electrostatic force from the proton and solving for R, 
= 3e7 
~ 1672e9Gpm-aa’ 
or 
3(1.6x10-C)? 
1672(8.85 x 10-12F /m)(6.67 x 10-1!!Nm?2/kg) (11350 kg /m3)(9.11 x 10-34kg) (5.29 x 10-'m)? 


which means R = 2.85x10?8m. 


E52-4 Each y takes half the energy of the pion, so 


3 — (1240 MeV -fm) _ yoy am 
(135 MeV)/2 


E52-5| The energy of one of the pions will be 


E= (pe)? + (me)? = \/(358.3 MeV)? + (140 MeV)? = 385 MeV. 


There are two of these pions, so the rest mass energy of the po is 770 MeV. 


E52-6 E=ymc’, so 
7 = (1.5x 108eV)/(20eV) = 7.5x 104. 


v=eV1—1/72 & e— ¢/2y’, 


where the approximation is true for large y. Then 


The speed is given by 


Av = ¢/2(7.5x10*)? = 2.7x107?m/s. 
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E52-7 d=cAt=hc/27AE. Then 


(1240 MeV - fm) = 
pe hee aes an 
d= 57(91200 Mev) Cnr ae 


E52-8 (a) Electromagnetic. 
(b) Weak, since neutrinos are present. 
(c) Strong. 
(d) Weak, since strangeness changes. 


6699 


E52-9| (a) Baryon number is conserved by having two “p” on one side and a “p” and a A® on the 
other. Charge will only be conserved if the particle x is positive. Strangeness will only be conserved 
if x is strange. Since it can’t be a baryon it must be a meson. Then x is K*. 

(b) Baryon number on the left is 0, so z must be an anti-baryon. Charge on the left is zero, so x 
must be neutral because “n” is neutral. Strangeness is everywhere zero, so the particle must be n. 
(c) There is one baryon on the left and one on the right, so x has baryon number 0. The charge 


on the left adds to zero, so x is neutral. The strangeness of x must also be 0, so it must be a 7°. 


E52-10 There are two positive on the left, and two on the right. The anti-neutron must then be 
neutral. The baryon number on the right is one, that on the left would be two, unless the anti- 
neutron has a baryon number of minus one. There is no strangeness on the right or left, except 
possible the anti-neutron, so it must also have strangeness zero. 


E52-11 (a) Annihilation reactions are electromagnetic, and this involves s8. 
(b) This is neither weak nor electromagnetic, so it must be strong. 
(c) This is strangeness changing, so it is weak. 
(d) Strangeness is conserved, so this is neither weak nor electromagnetic, so it must be strong. 


E52-14 
E52-15 From top to bottom, they are A*++, A**+, A*®, o*+, Bx) x0 Ae OB and O-. 


E52-16 (a) This is not possible. 
(b) wwe works. 


E52-17| A strangeness of +1 corresponds to the existence of an 8 anti-quark, which has a charge 
of +1/3. The only quarks that can combine with this anti-quark to form a meson will have charges of 
-1/3 or +2/3. It is only possible to have a net charge of 0 or +1. The reverse is true for strangeness 
-1. 
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E52-18 Put bars over everything. For the anti-proton, iidZ, for the anti-neutron, add. 


quarks Q S C_ particle 
uc 0 O -l D° 
dé -l O -1 D7 


n 
le) 
\ 
ran 
\ 
an 
\ 
hb 
| 


E52-19 We'll construct a table: 


ce 0 0 O Ne 
cul 0 0 1 D9 
cd 1 0 1 Dt 
cs > a. 7a Dt 


E52-20 (a) Write the quark content out then cancel out the parts which are the same on both 
sides: 
dds — udd + dt, 


so the fundamental process is 


ss>ut+d+iu. 
(b) Write the quark content out then cancel out the parts which are the same on both sides: 
ds > ud + di, 


so the fundamental process is : 
s—>u+d+i. 


(c) Write the quark content out then cancel out the parts which are the same on both sides: 
ud + uud > uus + us, 


so the fundamental process is 7 
d+d—s+s. 


(d) Write the quark content out then cancel out the parts which are the same on both sides: 
y+udd — uud + di, 
so the fundamental process is 


yout. 


E52-21 The slope is 
(7000 km/s) 


E52-22 c= Hd, so 
d = (310° km/s) /(72 km/s - Mpc) = 4300 Mpc. 
E52-23 The question should read “What is the...” 
The speed of the galaxy is 
v = Hd = (72 km/s: Mpc)(240 Mpc) = 1.72 10"m/s. 
The red shift of this would then be 


V1 — (1.72 107%m/s)?/(3 x 108m/s)? 
1 — (1.72x107m/s)/(3x 108m/s) 


A = (656.3nm) = 695 nm. 
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E52-24 We can approximate the red shift as 


A= do/(L— u/c), 


u=e(1- 2) =(1- FEM) — oon. 


d= v/H = (0.02)(3x 108m/s)/(72 km/s - Mpc) = 83 Mpc. 


so 


The distance is 


E52-25| The minimum energy required to produce the pairs is through the collision of two 140 
MeV photons. This corresponds to a temperature of 


T = (140 MeV)/(8.62x 10~°eV/K) = 1.62 10'?K. 
This temperature existed at a time 


(1.5 x 10's1/2K)? 
(1.62 x 10"K)2 a 


2-26 (a) \ 0.002 m. 
(b) f = (3x 108m/s)/(0.002m) = 1.5 10!!Hz. 
(c) E = (1240 eV -nm)/(2x 10°nm) = 6.2 10~4eV. 


E52-27 (a) Use Eq. 52-3: 
(1.5 x 10!0\/sk)? is 
t= =9x10°s. 
(5000 K)? — 


That’s about 280,000 years. 
(b) kT = (8.62 x 10-°eV/K) (5000 K) = 0.43 eV. 
(c) The ratio is 
(10°) (0.43 eV) 


Se ABT 
(940 x 108eV) 


P52-1| The total energy of the pion is 135 + 80 = 215 MeV. The gamma factor of relativity is 


y = E/me? = (215 MeV) /(135 MeV) = 1.59, 


so the velocity parameter is 
B= VJ1-1/9? = 0.777. 


The lifetime of the pion as measured in the laboratory is 
t = (8.4x1071" s)(1.59) = 1.34x 107 "6s, 
so the distance traveled is 


d= vt = (0.777)(3.00 x 10°m/s)(1.34x 107'®s) = 31 nm. 
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P52-2 (a) E= K + mc? and pc = \/ E? — (mc?)?, so 


pe = \/(2200 MeV + 1777 MeV)? — (1777 MeV)? = 3558 MeV. 


That’s the same as 


(3558 x L0%eV) 


“@xioeme 107'°J/eV) = 1.90x 107 '8kg - m/s 


p= 


(b) guB = mv?/r, so p/qgB =r. Then 


ike aad 
des (1.90 x 107 '°kg - m/s) Ewan eiua: 
(1.6x 10-!9C)(1.2T) 


P52-3 (a) Apply the results of Exercise 45-1: 


(1240 MeV - fm) er 
B= eM = (4.28 10-!°MeV/K)T. 
(2898 um -Kyr ~ ‘428% eve) 


(b) T = 2(0.511 MeV) /(4.28 x 10-!°MeV/K) = 2.39 10°K. 


P52-4 (a) Since 


Ji-B 
A=W, 
ati 
we have 
Av | 4/1 — 6? 1 
r 1-8 : 
or 
ie J1—-62+6-1 
a 1-8 ’ 


Now invert, 


A = Bas Sh = 6 


(2+17°(1-6) = 1-6, 
(27 +2z+1)(1-26+67) = 1-9, 
(2? + 22+ 2)? — (27 +2241) 8+ (22 +2z) = 0. 
Solve this quadratic for @, and 
24 2Qz 
PS po 


(b) Using the result, 
(4.43)? + 2(4.43) 
(4.43)? + 2(4.43) +2 


ae = 0.934. 
(c) The distance is 


d= v/H = (0.934)(3x 10°m/s)/(72 km/s - Mpc) = 3893 Mpc. 


330 


P52-5 (a) Using Eq. 48-19, 


AB= =prtn =. 
n2 


Here n, = 0.23 while ng = 1 — 0.23, then 
AE = —(8.62x 10~%eV /K)(2.7 K) In(0.23/0.77) = 2.8x10~4eV. 
(b) Apply the results of Exercise 45-1: 


1240 eV - 
_ (1240 eV-nm) _ yy am. 


(2.8 x 10-4eV) 


P52-6 (a) Unlimited expansion means that v > Hr, so we are interested in v = Hr. Then 


Hr = \V2GM/r, 
H’r? = 2G(4rr3p/3), 
3H? /87G = p. 


(b) Evaluating, 


3[72 x 103m/s - (3.084 x 10??m)]? (6.02 x 1073 /mol) 
87 (6.67 x 10-11N - m2/kg”) (0.001 kg/mol) 


=5.9/m?. 


P52-7| (a) The force on a particle in a spherical distribution of matter depends only on the matter 
contained in a sphere of radius smaller than the distance to the center of the spherical distribution. 
And then we can treat all that relevant matter as being concentrated at the center. If M is the total 
mass, then 


r? 


R°’ 
is the fraction of matter contained in the sphere of radius r < R. The force on a star of mass m a 
distance r from the center is 


M'’=M 


F=GmM'/r? = GmMr/R?. 
This force is the source of the centripetal force, so the velocity is 
v= Var = VFr/m =r/GM/R3. 


The time required to make a revolution is then 


T= 2" _ on, /R8/GM. 
U 


Note that this means that the system rotates as if it were a solid body! 
(b) If, instead, all of the mass were concentrated at the center, then the centripetal force would 
be 


F=GmM/r’, 


sO 


v = Var = VFr/m= JV/GM/r, 
and the period would be 


2 
p= So /SIEM. 
U 
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P52-8 We will need to integrate Eq. 45-6 from 0 to Amin, divide this by I(T’), and set it equal to 


z=0.2x10-°. Unfortunately, we need to know T to perform the integration. Writing what we do 
know and then letting x = hc/AkT, 


- 15¢7?h3 Am Onc2h dX 
‘ pee. \o ehe/AkT — 1? 
15c7h? Qnk*T* £™ a3 dx 
Qn°k4T4 = hhc? / et — 1’ 
15 (® a dx 
m4 bg en 1 


x 


The result is a small number, so we expect that ry is fairly large. We can then ignore the —1 in 
the denominator and then write i 
zm*/15 = | ge "dx 
x 


m 


which easily integrates to 
zm /15 XS Up 2e™, 
The solution is 
x & 30, 
so 
(2.2x 10%eV) 


or (8.62 x 10-5eV/K)(30) 


= 8.5x108K. 
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